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Introduction

This linked career development award and idea award (CDA part) aims at relieving my administrative
duties to acquire molecular biology skills in biology research. Since my background is chemistry and physics, I
need to learn the basic molecular biology skills to carry out breast cancer research. For four years of career
development, I have been working under the guidance of Dr. Steve Elledge and other faculty members in
Baylor College of Medicine to learn molecular biology. I was able to learn ahead of the schedule as stated in the
approved statement of work. I also have substantially expanded my learning experience to other techniques that
are also necessary for breast cancer research. For the last four years, I have been working on the bench and have
contributed data to all papers published from my lab.

Body

Since I have already reported the learning experience of molecular biology in the last three annual
reports, I will not give a detailed description here. Instead, I will focus on the research projects that I have
contributed directly in a significant way.
I concentrate on two areas of research, (1) DNA damage/repair and (2) heterochromatin maintenance.
In the area of DNA damage response, we first reported the identities of the members of a group of proteins that
associate with BRCA1 to form a large complex that we have named BASC (BRCA1-associated genome
surveillance complex). This complex includes tumor suppressors and DNA damage repair proteins MSH2,
MSH6, MLHI, ATM, BLM, and the RAD50-MRE11-NBS1 protein complex. In addition, DNA replication
factor C (RFC), a protein complex that facilitates the loading of PCNA onto DNA, is also part of BASC. We
- find that BRCA1, the BLM helicase, and the RAD50-MRE11-NBS1 complex colocalize to large nuclear foci
that contain PCNA when cells are treated with agents that interfere with DNA synthesis. The association of

- BRCAL1 with MSH2 and MSH6, which are required for transcription-coupled repair, provides a possible
explanation for the role of BRCAL1 in this pathway. Strikingly, all members of this complex have roles in
recognition of abnormal DNA structures or damaged DNA, suggesting that BASC may serve as a sensor for
DNA damage. Several of these proteins also have roles in DNA replication-associated repair. Collectively,
these results suggest that BRCA1 may function as a coordinator of multiple activities required for maintenance
of genomic integrity during the process of DNA replication and point to a central role for BRCA1 in DNA
repair.

Subsequently, we tested our genome surveillance hypothesis and found that SMC1 is a downstream
effector in the ATM/NBS1 branch of the human S-phase checkpoint. Structural maintenance of chromosomes
(SMC) proteins (SMC1, SMC3) are evolutionarily conserved chromosomal proteins that are components of the
cohesin complex, necessary for sister chromatid cohesion. These proteins may also function in DNA repair.
Here we report that SMC1 is a component of the DNA damage response network that functions as an effector in
the ATM/NBS1-dependent S-phase checkpoint pathway. SMC1 associates with BRCA1 and is phosphorylated
in response to IR in an ATM- and NBS1-dependent manner. Using mass spectrometry, we established that
ATM phosphorylates S957 and S966 of SMC1 in vivo. Phosphorylation of $957 and/or $966 of SMC1 is
required for activation of the S-phase checkpoint in response to IR. We also discovered that the phosphorylation
of NBS1 by ATM is required for the phosphorylation of SMCI1, establishing the role of NBS1 as an adaptor in
the ATM/NBS1/SMC1 pathway. The ATM/CHK2/CDC25A pathway is also involved in the S-phase
checkpoint activation, but this pathway is intact in NBS cells. Our results indicate that the ATM/NBS1/SMC1
pathway is a separate branch of the S-phase checkpoint pathway, distinct from the ATM/CHK2/CDC25A
branch. Therefore, this work establishes the ATM/NBS1/SMC1 branch, and provides a molecular basis for the
S-phase checkpoint defect in NBS cells.

Finally, we show that MSH2 and ATR form a signaling module and regulate two branches of the
damage response to DNA methylation. The mismatch repair proteins function upstream in the DNA damage
signaling pathways induced by the DNA methylating agent N-methyl-N'"-nitro-N-nitrosoguanidine (MNNG).
We report that MSH2 (MutS homolog 2) protein interacts with the ATR (ATM- and Rad3-related) kinase to
form a signaling module and regulate the phosphorylation of Chk1 and SMC1 (structure maintenance of
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chromosome 1). We found that phosphorylation of Chk1 by ATR also requires checkpoint proteins Rad17 and
replication protein A. In contrast, phosphorylation of SMC1 by ATR is independent of Rad17 and replication
protein A, suggesting that the signaling pathway leading to SMC1 phosphorylation is distinct from that
mediated by the checkpoint proteins. In addition, both MSH2 and Rad17 are required for the activation of the S-
phase checkpoint to suppress DNA synthesis in response to MNNG, and phosphorylation of SMC1 is required
for cellular survival. These data support a model in which MSH2 and ATR function upstream to regulate two
branches of the response pathway to DNA damage caused by MNNG.

In the area of DNA repair, we concentrate on the single strand break repair (SSBR) pathway. We found
anew XRCCI (X-ray cross complementation protein 1) containing protein complex and evaluated its role in
cellular survival to MMS (methyl methane sulfonate). SSBR is important for maintaining genome stability and
homeostasis. Current SSBR model derived from in vitro reconstituted reaction suggests that the SSBR complex
mediated by X-ray repair cross complimenting protein 1 (XRCC1) is assembled sequentially at the site of
damage. In this study, we provide biochemical data to demonstrate that there exist two preformed XRCC1
protein complexes in cycling HeLa cells. One contains known enzymes that are important for SSBR, including
DNL3, PNK, and Pol B; the other is a new complex that contains DNL3, and the Ataxia with Oculomotor
Apraxia type 1 (AOA) gene product Aprataxin. We report the characterization of the new XRCC1 complex.
XRCCI is phosphorylated in vivo and in vitro by CK2, and CK2 phosphorylation of XRCC1 on S518, T519
and T523 largely determines Aprataxin binding to XRCC1 though its FHA domain. Acute loss of Aprataxin by
small RNA interference renders HeLa cells sensitive to MMS by a mechanism of shortened half life of XRCCI1.
Thus, Aprataxin plays one role to maintain the steady state protein level of XRCC1. Collectively, these data
provide insights to the SSBR molecular machinery in the cell and point to the involvement of Aprataxin in
SSBR, thus linking SSBR to the neurological disease AOA.

In the area of heterochromatin maintenance, we first found differential association of products of
alternative transcripts of the candidate tumor suppressor ING1 with the mSin3/HDACI transcriptional
corepressor complex. The candidate tumor suppressor ING1 was identified in a genetic screen aimed at
isolation of human genes whose expression is suppressed in cancer cells. It may function as a negative growth
regulator in the p53 signal transduction pathway. However, its molecular mechanism is not clear. The ING1
locus encodes alternative transcripts of p47 (ING1a), p33 (ING1b), and p24 (ING1c). Here we report
differential association of protein products of ING1 with the mSin3 transcriptional corepressor complex. p33
(ING1b) associates with Sin3, SAP30, HDAC1, RbAp48, and other proteins, to form large protein complexes,
whereas p24 (ING1c) does not. The ING1 immune complexes are active in deacetylating core histones in vitro,
and p33 (ING1b) is functionally associated with HDAC1-mediated transcriptional repression in transfected
cells. Our data provide basis for a p33 (ING1b)-specific molecular mechanism for the function of the ING1
locus.

Later, we identified components of a pathway maintaining histone modification and heterochromatin
protein 1 binding at the pericentric heterochromatin in mammalian cells. Heterochromatin is a higher order
chromatin structure that is important for transcriptional silencing, chromosome segregation, and genome
stability. The establishment and maintenance of heterochromatin is regulated not only by genetic elements but
also by epigenetic elements that include histone tail modification (e.g. acetylation and methylation) and DNA
methylation. Here we show that the p33ING1-Sin3-HDAC complex as well as DNA methyltransferase 1
(DNMT1) and DNMT 1-associated protein 1 (DMAP1) are components of a pathway required for maintaining
proper histone modification and heterochromatin protein 1 binding at the pericentric heterochromatin. p33ING1
and DMAP1 interact physically and co-localize to heterochromatin in the late S phase, and both are required for
heterochromatin protein 1 binding to heterochromatin. Although the p33ING1-Sin3-HDAC and DMAP1-
DNMT1 complexes are recruited independently to pericentric heterochromatin regions, they are both required
for deacetylation of histones and methylation of histone H3 at lysine 9. These data support a cooperative model
for histone deacetylation, methylation, and DNA methylation in maintaining pericentric heterochromatin
structure throughout cell divisions.

Key Research Accomplishments



e We found BASC, a super complex of BRCA1-associated proteins involved in the recognition
and repair of aberrant DNA structures.

e We found that SMC1 is a downstream effector in the ATM/NBS1 branch of the human S-phase
checkpoint.

e We found that MSH2 and ATR form a signaling module and regulate two branches of the
damage response to DNA methylation.

e We found a new XRCC1 (X-ray cross complementation protein 1) containing protein complex
and demonstrated its role in cellular survival to MMS (methyl methane sulfonate).

e We found differential association of products of alternative transcripts of the candidate tumor
suppressor ING1 with the mSin3/HDACI transcriptional corepressor complex.

o We identified components of a pathway maintaining histone modification and heterochromatin
protein 1 binding at the pericentric heterochromatin in mammalian cells

Reportable Outcomes

1. Five papers describing the above findings have been published (see appendix) and one paper is being
reviewed in Molecular and Cellular Biology.

2. Three RO1 grants (the one addressing the function of BRCA1 has been renewed, and the other addresses
human S-phase checkpoint).

3. Many expression vectors, cell lines, and antibodies were generated.

Conclusions

I have learned many molecular biology techniques and other techniques that are crucial for breast cancer
research. This career development award has allowed me to finish the transition from a mass spectrometrist who
concentrates on methodology development to a biologist who works on important problems that are related to
Breast cancer and other human disease. With the help of this award, I have published 5 papers as a
corresponding author and many papers as a collaborator, and I have obtained 3 R01 grants from NIH to study

the molecular mechanism of DNA damage checkpoint activation, which is important for suppression of breast
cancer development.

References
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Five published papers in PDF form.



BASC, a super complex of BRCA1-associated
proteins involved in the recognition
and repair ot aberrant DNA structures
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of Medicine, Houston, Texas 77030 USA; *Laboratory of Molecular Genetics, New York Blood Center, New York,

New York 10021 USA

We report the identities of the members of a group of proteins that associate with BRCAL1 to form a large
complex that we have named BASC (BRCA1-associated genome surveillance complex). This complex includes
tumor suppressors and DNA damage repair proteins MSH2, MSH6, MLH1, ATM, BLM, and the
RAD50-MRE11-NBS1 protein complex. In addition, DNA replication factor C {RFC), a protein complex that
facilitates the loading of PCNA onto DNA, is also part of BASC. We find that BRCA1, the BLM helicase, and
the RAD50-MRE11-NBS1 complex colocalize to large nuclear foci that contain PCNA when cells are treated
with agents that interfere with DNA synthesis. The association of BRCA1 with MSH2 and MSHG, which are
required for transcription-coupled repair, provides a possible explanation for the role of BRCA1 in this
pathway. Strikingly, all members of this complex have roles in recognition of abnormal DNA structures or
damaged DNA, suggesting that BASC may serve as a sensor for DNA damage. Several of these proteins also
have roles in DNA replication-associated repair. Collectively, these results suggest that BRCA1 may function
as a coordinator of multiple activities required for maintenance of genomic integrity during the process of
DNA replication and point to a central role for BRCA1 in DNA repair.

[Key Words: BASC; BRCA1; DNA repair; DNA structure; cancer]
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Two general classes of cancer genes have been identified
(Kinzler and Vogelstein 1997). The first class consists of
genes that control cell proliferation and tumor growth
such as growth factors, cyclin-dependent kinase (Cdk]
regulators such as cyclins, Cdk inhibitors (CKIs) and the
retinoblastoma protein, apoptotic factors, and angiogen-
esis factors. These genes, when mutated or overpro-
duced, promote the inappropriate accumulation of cells.
The second class consists of genes that control the sta-
bility of the genome and prevent the accumulation of
mutations in the first class of genes. These genes are
called antimutators or caretaker genes and include DNA
repair proteins, cell cycle checkpoint regulators, and
genes that maintain the fidelity of chromosome segrega-
tion. Many genes of the second class have been identi-
fied, including the mismatch-repair genes, MSH2 and
MLH1, which are linked to hereditary nonpolyposis co-
lorectal cancer {Kinzler and Vogelstein 1996); the breast

SThese authors contributed equally.
7Cotresponding author.
E-MAIL jqin@bcm.tmc.edu; FAX (713) 798-1625.

cancer susceptibility genes 1 and 2 (BRCA1 and BRCA2;
Futreal et al. 1994; Miki et al. 1994); the ATM gene,
which is mutated in the cancer predisposition syndrome
ataxia telangiectasia (AT; Savitsky et al. 1995); and the
XP excision repair genes that are responsible for xero-
derma pigmentosum. Other genetic disease genes that
function in genome maintenance include NBS1, the gene
mutated in Nijmegen breakage syndrome (NBS; Camey
et al. 1998), BLM, which encodes a RecQ type DNA he-
licase and is mutated in Blooms’ syndrome (Ellis et al.
1995), and MRE11, which is mutated in a variant of AT
{Stewart et al. 1999). These proteins all function in DNA
metabolism and repair. In addition, there is evidence
that several of these proteins also participate in cell cycle
checkpoint functions that halt cell cycle progression in
the presence of damaged DNA (Shiloh and Rotman 1996;
Jongmans et al. 1997).

BRCAI contains an amino-terminal RING finger do-
main, a carboxy-terminal BRCT domain, and a SQ clus-
ter domain {SCD) (Bork et al. 1997; Cortez et al. 1999).
Disruption of the BRCA1 gene in mice causes embryonic
lethality (Hakem et al. 1996; Gowen et al. 1996). Tar-
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geted deletion of exon 11 of BRCA1 in mouse mammary
epithelial cells results in mammary tumor formation af-
ter long latency and genetic instability characterized by
aneuploidy, chromosomal rearrangements, or alteration
of p53 transcription (Xu et al. 1999a). The BRCA1 pro-
tein abundance is cell cycle regulated with low levels in
Gy and G, cells that increase as cells enter S phase {Chen
et al. 1996; Ruffner and Verma 1997). BRCA1 localizes to
nuclear foci during S phase that rapidly disperse when
cells are treated with DNA damaging agents (Scully et al.
1997b). The BRCAI protein is hyperphosphorylated in
response to DNA damage and DNA replication blocks.
Genetic evidence indicates that BRCA1 is required for
transcription-coupled repair of oxidative DNA damage
(Gowen et al. 1998} and homologous recombination in
response to double-strand breaks (Moynahan et al. 1999).
In addition, BRCAL1 has been implicated in G,/M check-
point control {Xu et al. 1999).

Biochemical evidence also supports a role for BRCA1
in DNA damage repair. BRCALI is associated and colo-
calized with the DNA repair protein hRad51 {Scully et
al. 1997c}. BRCAL1 associates with and is phosphorylated
by the ATM protein kinase, a global regulator of the
DNA damage response (Cortez et al. 1999). In addition,
BRCAL associates with the RAD50-MRE11-NBS1 com-
plex, which functions in homologous recombination,
nonhomologous end joining, meiotic recombination, and
telomere maintenance (Zhong et al. 1999).

To further understand the function of BRCAI, we used
immunoprecipitation and mass spectrometry to identify
BRCA1-associated proteins. We found that BRCAI re-
sides in a large multisubunit protein complex of tumor
suppressors, DNA damage sensors, and signal transduc-
ers that we have named BASC for BRCAl-associated ge-
nome surveillance complex.

Results

Biochemical purification and mass spectrometric
identification of BRCA1-associated proteins

To facilitate the purification of the BRCA1 complex by
antibody affinity, we raised two rabbit polyclonal anti-
bodies against GST-BRCAL1 1021-1552 {Ab80) and GST-
BRCAL1 1501-1861 {Ab81) produced in Escherichia coli.
These antibodies were affinity purified using the respec-
tive antigens and shown to recognize a ~220-kD BRCA1
protein by Western blotting and immunoprecipita-
tion.

We purified BRCAl-associated proteins from unfrac-
tionated HeLa nuclear extracts by one-step immuno-
precipitation with antibodies Ab80, Ab81, or the com-
mercial carboxy-terminal epitope antibody C-20. After
extensive washing in NETN buffer, the immunopre-
cipitates were eluted, separated by SDS-PAGE, and de-
tected by Coomassie blue staining (Fig. 1A). Then, we
sequenced all proteins that were just visible by Coo-
massie blue staining by mass spectrometry (Ogryzko et
al. 1998).

Nonspecific immunoprecipitating proteins were iden-
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tified by immunoprecipitation with pre-immune serum
and nonrelevant antibodies such as an anti-GST anti-
body followed by mass spectrometric sequencing. Pro-
teins that are common to both anti-BRCA1 immunopre-
cipitates and negative controls are designated as nonspe-
cific binding proteins. To identify proteins that may be
cross-reacting to antibodies Ab80 and Ab81, we carried
out immunoprecipitation in high detergent-containing
buffers such as RIPA with the same antibodies. Under
these conditions, most of the truly associated proteins
will be completely or partially dissociated, whereas the
cross-reacting proteins and BRCA1 will be immunopre-
cipitated. )

In total, 40 proteins (excluding nonspecific-binding
and cross-reacting proteins) were identified from AbS8O,
Ab81, and C-20 immunoprecipitates by mass spectrom-
etry. As expected, we found several known BRCAl-in-
teracting proteins such as BRCAl-associated RING do-
main protein (BARDI) and histone deacetylase 1
(HDAC1; Wu et al. 1996; Yarden and Brody 1999). Then,
we focused our effort on the characterization of proteins
that are involved in DNA damage repair (listed in Table
1 and described below) while the rest of the proteins
await further characterization.

BRCAI1 associates with multiple DNA repair proteins
to form BASC

One band that migrates at ~150 kD from an anti-BRCA1
(C-20) immunoprecipitation was identified as RAD50.
During the course of this study, a second group indepen-
dently reported the association of RAD50 and BRCAI
(Zhong et al. 1999). A band in the Ab81 immunoprecipi-
tate that migrates slightly slower on SDS-PAGE than
BRCAI was determined to be the protein kinase ATM,
consistent with our previous observations (Cortez et al.
1999). In addition to the RAD50 complex and ATM, we
also identified a 160-kD band from the Ab80 IP as BLM,
the RecQ helicase {see Fig. 1B). Using a database search
program PROWL (http://prowl.rockefeller.edu), the
mass of the parent peptide (m/z 812, 2+ charged)
and the masses of fragments we identified a sequence
“ITSSDNNVSVTNNSVAK®®, which is unique to BLM.
Protein bands migrating at 160 kD from the Ab80 and
C-20 immunoprecipitations were identified as MSH6. A
100 kD protein band from the Ab80 IP was identified as
MSH2, and protein bands with molecular masses of 90
kD from Ab80 and Ab81 immunoprecipitates were iden-
tified as MLHI1. Three bands that migrate at 140, 37, and
34 kD from both Ab80 and Ab81 immunoprecipitations
were determined to be three subunits of the replication
factor C (RFC) complex (p140, p37, and p34, respec-
tively). These results are summarized in Table 1.

To confirm that the proteins identified by mass spec-
trometry did interact with BRCA1 and to determine the
binding interrelationship among all the associated pro-
teins, we carried out multiple reciprocal co-immunopre-
cipitations with antibodies against these proteins. As
shown in Figure 2 {A,B}, anti-BRCA1 antibodies co-im-
munoprecipitate RFC (pl40}, MSH6, BLM, ATM, and
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Figure 1. Immunoprecipitation of BRCAl-associated proteins and identification by mass spectrometry. {A) Immunoprecipitates of
BRCALl-associated proteins using antibodies Ab80 and Ab81 were resolved on a 4%-20% gradient SDS—polyacrylamide gel and stained
with Coomassie blue. Labeled protein bands were identified by mass spectrometry. (B) A representative MS/MS spectrum that
identifies the 160-kD band from Ab80 immunoprecipitate as the RecQ DNA helicase BLM.

RADS50. Multiple independent BRCA1 antibodies (poly-
clonal Ab80, Ab81, and C-20, and monoclonal D-9) also
co-immunoprecipitate MSH2, MLHI1, MRE11 and NBS1
(data not shown). In addition, antibodies to ATM,
RADS50, MSH2, and BLM reciprocally immunoprecipi-
tate BRCA1 (Fig. 2C,D). The presence of MREI1 and
NBSI in the BRCA1 complex was confirmed by immu-
noblotting (Fig. 2D and data not shown). Moreover, we
also found that antibodies to ATM, MSH6, MLH1, BLM,
and RFC could immunoprecipitate RFC, MSH6, and
BLM (Fig. 2A}; antibodies to RAD50, MRE11, ATM,
MSH2, MLH]1, BLM, and RFC could immunoprecipitate
ATM and RAD50 with the exception that RFC did not
immunoprecipitate ATM (Fig. 2B), although antibodies
to ATM did immunoprecipitate RFC (Fig. 2A}; and anti-
bodies to NBS1 could immunoprecipitate BLM, RAD50,
MREL], and ATM (Fig. 2D and data not shown). In sum-
mary, nearly all of these BRCAl-associated proteins can
co-immunoprecipitate each other. Thus, BRCAl and
these DNA repair and checkpoint signaling proteins may
reside in the same protein complex.

To further confirm that these proteins reside in a com-

Table 1. DNA repair proteins identified with mass
spectrometry from immunoprecipitations of different
BRCAL1 antibodies

SDS-PAGE
(kD) ADbSO AbS1 C20
350 ATM
220 BRCA1 BRCAL1 BRCAL1
160 MSH6, BLM MSH6
150 RADS50
140 RFC, p140 REC, p140
100 MSH2

90 MLHI MLHI1

40 REC, p40 REC, p40

37 RFC, p37 REC, p37

plex with BRCA1 and to estimate the size of the com-
plex, we performed a two-step fractionation of the
nuclear extracts using a DEAE ion-exchange column and
a Superose 6 gel-filtration column. BRCALI elutes at 0.2,
0.3, and 0.4 M KCl from a step-eluted DEAE column. The
0.3 M KCl fraction that contains the majority of cellular
BRCAL as detected by Western blotting was further sepa-
rated on a Superose 6 gel-filtration column. BRCA1 was
eluted exclusively in the void volume. All the associated
DNA repair proteins were detected in multiple fractions
from the DEAE column and as multiple peaks from the
gel-filtration column, but all of them could be detected
co-eluting with BRCAL1 in the void volume in the 0.3 M
KCl fraction {Fig. 2E), thus establishing that this BRCA1-
containing complex is >2 MD.

To exclude the possibility that this BRCA1 complex is
organized by DNA or RNA instead of through protein-
protein interactions, we treated the nuclear extracts
with DNasel, RNase A, or ethidium bromide before per-
forming the co-immunoprecipitation experiments. We
could not detect any significant difference in protein as-
sociations between treated and untreated nuclear ex-
tracts (data not shown).

Taken together, these results suggest that BRCA1 and
these identified BRCAl-associated proteins are likely in
the same protein complex and, therefore, may function
in the same DNA damage response pathway.

Colocalization of BRCA1 and BLM before and after
exposure to DNA damage and replication blocks

To examine when and where BASC may function, we
analyzed the localization of these proteins in untreated
cells and cells exposed to DNA-damaging agents and
DNA replication inhibitors. We found that, in untreated
cells, the BLM protein has several staining patterns that
often occur within the same cell including a diffuse nu-
cleoplasmic staining, brighter patches of staining, and
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Figure 2. BRCAl-associated proteins that form a BASC. (A-D) Components of the BASC coimmunoprecipitate. Immunoprecipita-
tions were done with HeLa nuclear extracts (NE} {A-C) and 293T whole-cell extracts (TCL) (D). Antibodies and immunoprecipitation/
Western conditions are described in the Materials and Methods section. (E) BRCAL resides in a large complex of >2 MD. Components
of the BASC complex cofractionate on DEAE and Superose 6 columns. HeLa nuclear extracts were fractionated and step eluted (0.2-0.4
M KCl} on a DEAE column. The majority of BRCAL eluted in the 0.3 m fraction. The 0.3 M fraction was fractionated further on a
Superose 6 gel filtration column, BRCA1 was detectable only in the void volume (>2 MD}. Other components of BASC were detected
as multiple peaks; all contain one peak in the void volume that co-elutes with BRCA1. Other peaks of smaller sizes exist independent
of BRCA1. The majority of the RAD50 complex that is independent of BRCAL1 elutes in the 0.2 M KCl on the DEAE column.

bright discrete foci {Fig. 3B,E). BRCAL foci partially over-
lap with the bright BLM foci but rarely with the BLM
patches (Fig. 3A-F). The amount of BRCAl and BLM
colocalization is greatly increased in a subset of cells
following treatment with hydroxyurea (HU) for 6-8 hr
(Fig. 3G-L). The HU-induced relocalization of BLM and
BRCALI appears to be specific for cells that are in mid- to
late S phase or G, at the time of HU addition as the foci
are rarely observed following synchronization of the
cells in early S phase or G, (data not shown). This result
may also explain why a relatively small percentage of
asynchronous populations of cells (~10%}) show this re-
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localization following HU treatment. Exposure of cells
to ionizing radiation also causes a more subtle redistri-
bution of BLM into an increased number of nuclear foci
in some cells that partially overlap with BRCAL1 foci (Fig.
3M-0}.

Two distinct localization patterns of the RAD50~
MRE11-NBS1 complex in response to DNA damage

BRCALI partially colocalizes with the RAD50-MRE11-
NBS1 complex in a subset of cells that are exposed to
ionizing radiation and then allowed to recover for vari-
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Figure 3. Colocalization of BRCA1 with BLM before and after exposure to genotoxic agents. {A-F) Asynchronous, logarithmically
growing MCF7 cells were fixed with methanol/acetone and stained with antibodies to BRCA1 {Ab-1, Calbiochem) and BLM followed
by the appropriate FITC and Cy3-conjugated secondary antibodies. (G-L) Cells were treated with 1 mm HU for 6-8 hr followed by
fixation and staining. (M-O) Cells were exposed to 12 Gy of y-irradiation and incubated for 8 hr prior to fixation and staining. Confocal

images were captured at 1260x magnification.

ous times (2-8 hr) (Fig. 4; data not shown). However, we
often found cells that displayed little if any detectable
BRCALI signal but strong RAD50-MRE11-NBS1 foci.
Further examination revealed two distinct localization
patterns for these proteins after treatment with ionizing
radiation. Cells that formed bright, discrete RAD50-
MRE11-NBSL1 foci often expressed too little BRCAI to
be visualized by immunofluorescence (Fig. 4, D-F and
P-R). Cells that formed bright BRCAL foci also exhibited
RAD50-MREL1 foci but also showed a more diffuse nu-
cleoplasmic RAD50-MREL11 staining as well. In many
cases, the RAD50-MREI1 foci in these cells did overlap
significantly with BRCA1 foci.

Because BRCAI expression peaks in S phase, we tested
whether these two staining patterns reflected cell cycle
regulation. MCEF-7 cells were synchronized by serum
starvation and re-addition of serum. Then, we irradiated
the cells immediately (G,/G, cells) or waited 24 hr to
allow the cells to progress into S phase and then irradi-
ated them. The cells were fixed and stained 5 hr after
irradiation. This procedure causes the cells to either ar-
rest at the G, DNA damage checkpoint or the G,/M
DNA damage checkpoint. We observed that bright
RAD50-MREL1 foci and low BRCAL staining were spe-
cific to the G,-arrested cells whereas diffuse nucleoplas-
mic and focal RAD50-MREIL1 staining accompanied by
the bright BRCA1 foci were specific to cells irradiated in

S phase ({Fig. 4, G-L and S-X). The highest level of colo-
calization between BRCAl and RAD50-MREl1 was
seen in the bright foci among the S phase-irradiated cells.

The RAD50 complex properly localizes in
BRCA1-deficient HCC1937 cells

We also examined how RADS50 foci relocalize in BRCA1-
deficient HCC1937 cells. Before treatment of the cells,
we observed RAD50-MRE11-NBS1 foci in ~11% of the
cells using antibodies to each of these components (Fig.
5A,D). After treatment of the cells with 12 Gy of ioniz-
ing radiation, we observed an increase in the number of
RADS50-MREI11-NBS1 foci-containing cells to ~60%,
which is consistent with the response in BRCAl-profi-
cient cell lines (Fig. 5B,E; Maser et al. 1997). Transient
transfection of wild-type BRCAL1 driven by either a CMV
promoter or a LTR promoter had no effect on the per-
centage of cells that displayed the focal staining pattern
within the transfected population (data not shown). As
this result appears to be in direct contradiction to previ-
ously published data (Zhong et al. 1999), we obtained
HCC1937 cells from three different sources to confirm
its reproducibility. Two of the sources behaved virtually
identically as reported above. The cells from the third
source showed a reduced increase in foci formation after
ionizing radiation, but in no case did transfection of
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Figure4. Cell cycle dependent colocalization of BRCA1 with the MRE11-RAD50-NBS1 complex after ionizing radiation. (A-C,M-0O)
Asynchronous MCF7 cells were fixed and stained with (4-C} anti-RAD50 and anti-BRCAI or {(M-O} anti-MRE!1 and anti-BRCA1
antibodies. Asynchronous {D-F,P-R}, Go/G, arrested (G-1,5-U), or S-phase synchronized (J-L,V-X} MCF?7 cells were exposed to 12 Gy
of y-irradiation then incubated for 5 hr prior to fixation and immunostaining. Appropriate FITC or Cy3-conjugated secondary anti-

bodies were used for indirect visualization of the epitopes. Confocal images were captured on a Bio-Rad confocal microscope at 1260x
magnification.
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wild-type BRCAL1 have any effect. Similar results have
been obtained by others (D. Livingston, pers. comm.).

BLM colocalizes with BRCA1
and the RAD50-MRE11-NBS1 complex to replication
forks in cells treated with inhibitors of replication

Significantly, the RAD50 complex also redistributes to
large foci in a subset of asynchronous cells exposed to
HU (Fig. 6). We confirmed that this redistribution is to
the same location as the BRCA1 and BLM proteins by
staining cells simultaneously for RAD50 and BRCAl
(Fig. 6A-C), MRE11 and BRCAL (Fig. 6D-F}, MRE11 and
BLM (Fig. 6G-I), or RAD50 and BLM (Fig. 6]-L). The
relocalization of the RAD50-MRE11-NBS1 complex af-
ter HU treatment does not appear to require BRCALl
function as we observed an increase {from 11% to 23%)
in the percentage of HCC1937 cells displaying a focal
RAD50-MRE11-NBS1 staining after HU treatment for 8
hr (Fig. 5C F). This increase is consistent with the ~10%
increase observed in HU-treated cells containing wild-
type BRCAL.

BRCAL has been shown previously to colocalize with
PCNA at replication forks in a small subset of late S
phase cells exposed to ionizing radiation (Scully et al.
1997a). Therefore, we examined whether the BLM-
BRCA1-MRE11-RAD50 nuclear domains that formed in
response to HU treatment were also at replication forks.
Staining with PCNA and BRCA1, PCNA and BLM, or
PCNA and RADS50 confirmed that this BRCA1 complex
does redistribute to PCNA-positive replication forks af-
ter HU treatment (Fig. 7).

Discussion

In this study we have partially purified the BRCAL1 pro-
tein complex and identified its components using mass
spectrometry. We found that all cellular BRCA1 protein

A complex BRCAl-associated proteins

Figure 5. Relocalization of the RAD50-
MRE11-NBS1 complex following expo-
sure to ionizing radiation or HU is inde-
pendent of BRCA1. Exponentially growing
HCC1937 cells were either left untreated
{(A,D), exposed to 12 Gy of ionizing radia-
tion followed by an 8-hr incubation (B,E),
or treated with 1 mm HU for 8 hr (C,F).
Cells were fixed and stained with antibod-
ies to NBS1 (Novus} or MRE11 (Novus) as
indicated. (4,D} Cells without foci;
(B,C,E,F) cells that contain foci. Confocal
images were captured at 1260x magnifi-
cation. The percentage of cells with foci
in each condition was determined by scor-
ing cells as positive if they contained >10
foci. In each experiment, >200 cells were
counted.

resides in a large protein complex(s) (>2 MD) consistent
with previous studies using sedimentation analysis
(Scully et al. 1997a). We characterized a group of BRCA1-

-associated proteins that form what we refer to as a BASC.

This work not only reinforces the current view of the
involvement of BRCA1 in DNA damage repair but also
allows us to propose two testable models for the function
of BASC and the function of BRCA1 within BASC (see
below). Furthermore, the fact that many proteins in
BASC are themselves tumor suppressors suggests that
interference with the function of BASC may be a central
event in tumorigenesis.

BASC, a super complex of DNA repair protein
complexes

The BASC characterized in this paper contains at least
15 subunits. In addition to BRCAl, ATM, and BLM,
BASC contains four subprotein complexes including the
RADS50-MRE11-NBS1 complex, the MSH2-MSH6 het-
erodimer, the MLH1-PMS2 heterodimer (the presence of
PMS2 is inferred) and the RFC complex (five subunits
total, of which three were detected by mass spectromet-
ric analysis, and two are hypothesized to be present on
the basis of known interactions with the first three). All
of the BRCAl-associated proteins reported here also
form smaller, stable subcomplexes independent of
BRCAL as evidenced by column fractionation. The rela-
tively low abundance of the BRCA1 protein suggests that
these other subcomplexes may have functions indepen-
dent of BRCAL. BRCA1 may regulate the functions of
these subcomplexes for a specialized repair function, or
perhaps these complexes confer special properties to
BRCAL.

The assembly of BRCAI with different proteins may
be a dynamic process changing throughout the cell cycle
and within subnuclear domains. Thus, the associated
proteins that we have identified may represent multiple
distinct complexes that assemble and disassemble at
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Figure 6. Colocalization of RAD50, MRE11, BRCA1, and BLM following treatment of cells with HU. Asynchronous MCE7 cells were
treated with 1 mm HU for 4-8 hr. Cells were fixed and stained with the following antibodies: (A-C} anti-RAD50 (13B3, GeneTex) and
anti-BRCAL1 (Ab-2, Neomarkers); (D-F} anti-MRE11 (12D, GeneTex) and anti-BRCA1 {Ab-2 NeoMarkers}); (G-I) anti-MREI11 (12D7
GeneTex); and affinity-purified polyclonal anti-BLM; {J-L) anti-RAD50 {13B3, GeneTex) and affinity-purified polyclonal anti-BLM.
Confocal images were captured at 1260x magnification. It should be noted that the majority of cells after HU treatment did not appear
significantly different from the untreated cells. However, ~10% showed redistribution into nuclear foci as represented in these images.

various sites of BRCA1 function such as DNA double-
strand breaks and stalled replication forks. However, be-
cause we were able to co-immunoprecipitate many of
these DNA repair proteins in BASC with each other, it is
likely that this BASC functions coordinately on DNA. In
our analysis, we have not found BRCA2 and RAD51, two
proteins that were previously reported to interact with
BRCALI {Chen et al. 1998; Scully et al. 1997c). The reason
for this result is not clear at present. These proteins may
be displaced by the three antibodies that we used, which
were all raised against different segments of the car-
boxyl-terminus of BRCA1 {amino acids 1021-1861). As
shown in Table 1 and Figure 1, BRCAl-associated pro-
teins are immunoprecipitated to different extents by dif-
ferent antibodies, possibly due to competition for bind-
ing-site accessibility. Alternatively, these proteins may
be substoichiometric components of BASC whose abun-
dance is below the level detectable by Coomassie blue
and mass spectrometry.
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Is BASC a DNA structure surveillance machine!

An intriguing feature of these BRCAl-associated DNA
repair proteins is that they each possess the ability to
bind abnormal DNA structures, such as double-strand
breaks, base-pair mismatches, Holliday junctions, cruci-
form DNA, template-primer junctions, and telomere re-
peat sequences (Uchiumi et al. 1996; Alani et al. 1997;
Bennett et al. 1999; Marsischky et al. 1999). Therefore,
these proteins have the potential to act as sensors of
these structures. The RAD50-MRE11-NBS1 complex
and the checkpoint kinase ATM may be sensors for
DNA double-strand breaks as they interact with these
breaks and are regulated by them [Maser et al. 1997;
Smith et al. 1999; Stewart et al. 1999). The mismatch
repair proteins may act as sensors of abnormal DNA
structures caused both by distortions of the helix by mis-

‘matches and chemical alterations of the helix by cispla-

tin, DNA-methylating agents, and other chemicals. The
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Figure 7. Colocalization of BLM, BRCAL1, and RAD50 with PCNA following treatment with HU. Cells were left either untreated or
exposed to 1 mm HU for 7 hr, Then, cells were fixed by methanol/acetone treatment and stained by indirect immunofluorescence with
the following primary antibodies: {A-F) anti-PCNA (PC10, Santa Cruz) and anti-BRCA1 {Ab-2, Neomarkers}; {(G-L} anti-PCNA (PC10,
Santa Cruz) and anti-BLM; (M-R) anti-PCNA (FL261, Santa Cruz} and anti-RAD50 {GeneTex). Appropriate Cy3- or FITC-conjugated
secondary antibodies were used and confocal images were captured at 1260x magnification. It should be noted that the majority of cells
after HU treatment did not appear significantly different from the untreated cells. However, ~10% showed redistribution into nuclear

foci as represented in these images.

tyrosine kinase c-Abl regulates p73 in the apoptotic re-
sponse to cisplatin-induced DNA damage in a MLH1-
dependent manner {Gong et al. 1999). Furthermore,

" treatment of cells with methylating agents results in p53

phosphorylation that is dependent on the presence of
functional MSH2-MSH6 and MLH1 proteins (Duckett et
al. 1999). These observations implicate the mismatch
repair system in the initial step of a damage-signaling
cascade that leads to activation of the DNA damage re-
sponse. In addition, the MSH2-MSHS6 heterodimer binds
not only to mismatched DNA, but also has affinity for
Holliday junctions {Alani et al. 1997; Marsischky et al.
1999) thereby acting as potential sensors of recombina-
tion and replication fork damage. The BLM DNA heli-
case may be a sensor of abnormal double-stranded DNA
structures during replication. Its yeast ortholog Sgsl
binds a variety of abnormal DNA structures including
forked DNA, synthetic cruciforms, and telomeric G4
DNA in vitro (Bennett et al. 1999). In addition, the Sgsl
helicase has been shown to act upstream of Rad53 in the
DNA replication checkpoint (Frei and Gasser 2000). The
RFC complex is known to bind the 3’ end of an elongat-
ing DNA primer and to recruit PCNA onto DNA poly-
merase 8, serving the role of the clamp loader in replica-
tion and a potential sensor of gapped DNA. Rfc3 mutant
Schizosaccharomyces pombe cells are sensitive to HU,
methanesulfonate, gamma irradiation, and UV irradia-
tion. Phosphorylation of Chk1 and the replication check-

point are deficient in Rfc3 mutant cells {Shimada et al.
1999). Work in budding yeast has also revealed a role for
RFC in DNA repair and S-phase checkpoint regulation,
suggesting that the RFC complex plays a direct role in
sensing the state of DNA {Sugimoto et al. 1996; Noskov
et al. 1998).

In addition to these built-in sensors, BASC also has
signal transducers including the ATM kinase, the ATR
kinase (B. Abraham, pers. comm.), and possibly other
proteins that have not yet been identified. The initial
effector may be BRCALI itself, which is hyperphosphory-
lated in response to various types of DNA damage by
multiple kinases including ATM (Cortez et al. 1999).
Other proteins within BASC, such as NBS1 and MREI 1,
may also be targets for the ATM kinase (Kim et al. 1999).
Thus, it is conceivable that the function of BRCAL in the
context of BASC is as a scaffold protein that organizes
different types of DNA damage sensors, then serves as an
effector in response to DNA damage to coordinate repair.
A role for BASC as a surveillance machine is consistent
with the observation that BRCALI is associated constitu-
tively with these DNA damage sensors and signal trans-
ducers. When aberrant DNA structures occur, in theory,
BASC could respond rapidly to signal the DNA damage
response. Phosphorylation of components of BASC by
signal transducers such as ATM may regulate the repair
functions of these proteins. In addition, the signal trans-
ducers could activate cell cycle checkpoints through
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phosphorylation and activation of the p53 and Chk pro-
teins {Banin et al. 1998; Canman et al. 1998; Matsuoka et
al. 1998).

A role for BASC in postreplicational repair

Another common feature of the repair proteins associ-
ated with BRCAL is their roles in DNA postreplicational
repair. Many of these proteins function directly in DNA
replication or repair of damage that can occur at replica-
tion forks. The RAD50-MRE11-NBS1 complex is in-
volved in repair of double-strand breaks generated at
stalled replication forks (Haber 1998). We have previ-
ously identified mutants in the Saccharomyces cerevi-
siae homolog of RAD50 and NBS1 (Xrs2) as mutants sen-
sitive to the replication inhibitor HU (Allen et al. 1994).
HU treatment induces sister chromatid exchange (SCE)
and mutants in BLM have high levels of spontaneous
SCE. Furthermore, the S. pombe homolog of BLM was
initially identified on the basis of its extreme sensitivity
to HU (Stewart et al. 1997) further supporting a role in
repair of replication errors. RFC complexes are also
clearly involved in replicational repair of DNA damage
and mutants in yeast that are sensitive to HU have been
identified (Sugimoto et al. 1996; Noskov et al. 1998; Shi-
momura et al. 1998; Shimada et al. 1999). Mismatch re-
pair proteins would also be required not only to check
the fidelity of newly synthesized DNA during repair pro-
cesses, but also to recognize and initiate repair of abnor-
mal structures generated at the site of collapsed replica-
tion forks. Given the roles of these proteins in replica-
tional repair and the fact that BRCAl expression,
phosphorylation, and localization all peak or change dur-
ing S phase, it is tempting to speculate that BRCA1
might act to coordinate the repair and surveillance func-
tions of these proteins at sites of DNA replicational
stress. The resolution of aberrant DNA structures that
occur during DNA replication likely occurs through a
tightly regulated process that is linked to the actions of
the replication machinery. BRCA1 might act to funnel
certain types of damage through particular pathways. For
example, it could identify a broken replication fork,
allow BLM and mismatch repair proteins to unwind
and remove inappropriate DNA helical conformations,
then allow the RAD50-MRE11-NBS1 complex to initi-
ate homologous recombinational repair, and finally load
the RFC complex to recruit DNA polymerase to com-
plete repair. Although speculative, this model is consis-
tent with the observation that BRCA1-deficient cells are
hypersensitive to DNA-damaging and replication block-
ing agents (Abbott et al. 1999; Scully et al. 1999). It
should be noted that a role in directing repair does not
rule out a role for this complex as a sensor and signal
transducer.

The colocalization of BLM and BRCA1 with PCNA
further suggests a role in replicational repair. The relo-
calization of BRCA1, BLM, and RAD50-MRE11-NBS1
after HU treatment appears to be specific to mid to
late S phase cells. This observation could indicate a spe-
cific requirement for these proteins in the replication/
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repair of late replicating DNA. Alternatively, it may be
that the number of active replication forks and the size
of DNA replication factories early in S phase simply are
not large enough to produce the large immunostaining
domains of these proteins. The association may occur
throughout S phase to resolve problems associated with
DNA metabolism, and HU may simply amplify the
number of problems sufficiently to observe an accumu-
lation of the proteins at intranuclear domains of replica-
tion.

The identification of the RAD50 complex in BASC
provides further support for the role of BRCAI in con-
trol of homologous recombination (Moynahan et al.
1999]. The role of BRCAI in this process is currently
unknown. Although it was previously published that
cells deficient for BRCALI fail to properly regulate and
localize the RAD50 complex in response to DNA dam-
age (Zhong et al. 1999), we could not find such a role
for BRCAL in our studies. Analysis of three different
sources of HCC1937 cells defective for BRCA1, includ-
ing the cells analyzed by Zhong and colleagues showed
BRCALl -independent foci formation. Our results suggest
that BRCAL is not required to localize the RAD50 com-
plex in response to DNA damage and may carry out a
different role with respect to this complex. The cell
cycle-regulated colocalization of BRCAl1 with the
RADS50 complex suggests that it may regulate the type of
repair activity that functions to repair double-strand
break lesions.

Association of mismatch repair proteins
with BRCA1 may explain the role of BRCA1
in transcription-coupled repair

The identification of multiple mismatch repair proteins
associated with BRCA1 provides support for genetic ob-
servations that BRCAL is required for transcription-
coupled repair of oxidation induced damage (Gowen et
al. 1998). Previously it was noted that MSH2-deficient
cell lines have a defect in transcription-coupled repair for
both UV-induced and oxidation-induced DNA damage
(Mellon et al. 1996). The association of BRCA! with
MSH2-MSH6 and MLHI1-PMS2 suggests that the defec-
tive transcription-coupled repair in BRCA1~/~ cells may
arise from deregulation of mismatch repair genes or an
inability of the mismatch repair genes to signal the pres-
ence of damage to BRCA1. We also examined colocaliza-
tion of mismatch repair proteins (MSH2 and MLH1) with
BRCAI1 by immunofluorescence. The mismatch repair
proteins stain the nucleus uniformly before DNA dam-
age and do not show a detectable change upon DNA
damage (ionizing radiation and HU treatment). We rea-
son that even if there are foci formed in response to DNA
damage, which is not known at present, the intense uni-
form nucleoplasm staining might mask the foci formed
for these mismatch repair proteins. Therefore, it is not
presently possible to judge colocalization of mismatch
repair proteins with BRCALI in nuclear foci. It is possible
that the mismatch repair proteins use their association
with BRCA1, which is known to interact with RNA



polymerase (Scully et al. 1997a), to identify the tran-
scribed strand for preferential repair. Alternatively, this
association may instruct BRCALI to prevent active tran-
scription complexes from disrupting repair of the tran-
scribed strand. This connection may provide insight for
the initiation of mechanistic studies aimed at under-
standing the mechanism of transcription-coupled repair.

The molecular dissection of BASC presented here has
provided significant insights into the role of BRCAIl in
the process of DNA repair. Knowledge of the composi-
tion of this complex has allowed us to propose two mod-
els for the role of this complex in the cell, as a sensor of
abnormal DNA structures and/or as a regulator of the
post-replicational repair process. This knowledge sets
the stage for the dissection of the significance of the
presence of the individual members of this complex and
the elucidation of their roles in the preservation of ge-
nomic stability and tumor suppression.

Materials and methods

Nuclear extract fractionation

HeLa-S3 nuclear extracts prepared according to the standard
Dignam protocol were first loaded on a DEAE column equili-
brated with 20 mm Tris-HCl (pH 8.0}, 100 mm KCl, and 0.5 mMm
DTT and step-eluted in 0.2 m KCl, 0.3 M KCl and 0.4 M KCl, all
in the equilibration buffer. The 0.3 M fraction was then applied
to a Superose 6 (Pharmacia} column equilibrated with 20 mm
HEPES (pH 7.5), 0.2 M KCl and 0.5 mm DTT. Fractions were
collected and an equal volume from each fraction was loaded
onto a 4%-12% SDS-polyacrylamide gel.

Immunoprecipitation, Western blotting, and antibodies

Large scale immunoprecipitation was carried out with unfrac-
tionated HeLa nuclear extracts. From 50 to 100 pg of affinity-
purified antibodies as indicated was added to 5 ml of HeLa
nuclear extracts {~10 mg/ml} and rotated for 2 hr at 4°C. Two
hundred microliters of protein A-Sepharose beads (50% slurry)
was added to the mixture and rotated for an additional 2 hr. The
immunoprecipitates were then washed in 10 ml of NETN [20
mm Tris-HC1 {pH 8.0}, 0.1 M NaCl; 1 mm EDTA, 0.5% NP-40]
three times. The precipitated proteins were eluted into
Laemmli buffer and separated on a 4%-20% SDS-polyacryl-
amide gel.

For immunoprecipitation/Western analysis, immunoprecipi-
tation was done in essentially the same manner, except in a
smaller scale. Briefly, 100 pl of nuclear extracts, 5 ug of anti-
body, and 15 pl of protein A beads were used in each reaction.
The wash was done with 1 ml of NETN three times. Samples
were separated on 4%-12% SDS-polyacrylamide gels, trans-
ferred to nitrocellulose membranes by semi-dry method, and
probed with the appropriate antibodies.

The primary antibodies used in this work were as follows:
rabbit polyclonal Ab80 and Ab81 were raised in rabbits against
GST-BRCAL 1021-1552 and GST-BRCA1 1501-1861, respec-
tively. GST-BRCAL fusion proteins were produced in E. coli.
Ab80 and Ab81 antibodies were affinity purified using the re-
spective antigens following a conventional affinity-purifica-
tion protocol. Affinity-purified rabbit polyclonal anti-NBS1C’
antibody was raised against a carboxy-terminal NBS1 peptide:
CDDLFRYNPYLKRRR conjugated to KLH. Rabbit anti-BLM
polyclonal antibody was prepared as described (Neff et al. 1999).

A complex BRCAL jated

Commercial anti-BRCA1 antibodies were D-9, C-20 (mouse
monoclonal and rabbit polyclonal, respectively, Santa Cruz),
Ab-2 (rabbit polyclonal, NeoMarker), and Ab-1 {monoclonal,
CalBiochem). Other antibodies were rabbit polyclonal anti-
ATM (Novus)}, mouse monoclonal anti-ATM-2C1 (GeneTex),
rabbit polyclonal anti-ATM {H248, Santa Cruz, Ab-3, CalBio-
chem), mouse monoclonal anti-RAD50-13B3 (GeneTex), rabbit
polyclonal anti-NBS1 (Novus), rabbit polyclonal anti-MRE11
{Novus}, mouse monoclonal anti-MRE11-12D7 {GeneTex), goat
polyclonal anti-MSH6 (GTBP, N-20, Santa Cruz), rabbit poly-
clonal anti-MSH2 (N-20, Santa Cruz), rabbit polyclonal anti-
hMLH]1 (C-20, Santa Cruz), mouse monoclonal anti-PCNA
(PC10 and FL261, Santa Cruz), and mouse monoclonal anti-RFC
p140 (kind gift from Dr. Bruce Stillman, Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY).

Identification of proteins by mass spectrometry

Protein sequencing using mass spectrometry was carried out as
described with the exception that O'®-labeled H,O was omitted
{Ogryzko et al. 1998). Briefly, the Coomassie blue stained pro-
tein band was in-gel digested with trypsin, and the recovered
peptides were analyzed using an electrospray ion trap mass
spectrometer (LCQ, Finnigan MAT, San Jose, CA} coupled
on-line with a capillary HPLC (Magic 2002, Michrom Bio-
Resources, Auburn, CA) to acquire mass spectrometry/mass
spectrometry (MS/MS} spectra. A 0.1 x 50 mm-MAGICMS C18
column (5-um particle diameter, 200 A pore size} with mobile
phases of A [methanoliwater:acetic acid, 5:94:1) and B
(methanol:water:acetic acid, 85 : 14 : 1) was used. Data derived
from the MS/MS spectra were used to search a compiled protein
database that was composed of the protein database NR and a
six-reading frame translated EST database to identify the pro-
tein by use of the program PROWL, which is publicly available
(http://prowl.rockefeller.edu).

Immunofluorescence

Indirect immunofluorescence was performed by growing cells
on glass coverslips in 35-mm dishes. Fixation and permeabili-
zation were performed with either 100% methanol at -20°C for
20 min followed by 100% acetone at -20°C for 20 seconds or 3%
paraformaldehyde followed by 0.5% triton X-100. Some
samples were blocked with BSA or normal donkey serum. Stain-
ing was performed with antibodies diluted in PBS at 37°C for
20-30 min. Cy3-, Texas Red-, or FITC-conjugated secondary
antibodies were obtained from Jackson Immunoresearch Labo-
ratories and Amersham. Images were captured on a Zeiss mi-
croscope with a Bio-Rad confocal imaging system.
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SMCI1 is a downstream effector
in the ATM/NBS1 branch
of the human S-phase checkpoint
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Structural maintenance of chromosomes (SMC) proteins ({SMC1, SMC3) are evolutionarily conserved
chromosomal proteins that are components of the cohesin complex, necessary for sister chromatid cohesion.
These proteins may also function in DNA repair. Here we report that SMC1 is a component of the DNA
damage response network that functions as an effector in the ATM/NBS1-dependent S-phase checkpoint
pathway. SMC1 associates with BRCA1 and is phosphorylated in response to IR in an ATM- and
NBS1-dependent manner. Using mass spectrometry, we established that ATM phosphorylates $957 and $S966
of SMC1 in vivo. Phosphorylation of $957 and/or $966 of SMCI is required for activation of the S-phase
checkpoint in response to IR. We also discovered that the phosphorylation of NBS1 by ATM is required for
the phosphorylation of SMCI, establishing the role of NBS1 as an adaptor in the ATM/NBS1/SMC1 pathway.
The ATM/CHK2/CDC25A pathway is also involved in the S-phase checkpoint activation, but this pathway is
intact in NBS cells. Our results indicate that the ATM/NBS1/SMC1 pathway is a separate branch of the
S-phase checkpoint pathway, distinct from the ATM/CHK2/CDC25A branch. Therefore, this work establishes
the ATM/NBS1/SMC1 branch, and provides a molecular basis for the S-phase checkpoint defect in NBS cells.
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Cells have an intricate signaling network that deals with
genomic insults (Weinert 1998; Zhou and Elledge 2000).
This signaling network in response to DNA damage is
composed of interacting signal transduction pathways,
each consisting of sensors, transducers, and effectors.
Sensors detect damaged DNA and signal to transducers.
Transducers amplify and relay the signal to effectors.
Effectors then execute the cellular response to elicit cell
cycle checkpoint activation, DNA repair or apoptosis.
Many tumor suppressor proteins are components of the
DNA damage signaling network, underscoring the im-
portance of this network to cancer development.
Proteins that serve as sensors are not well defined.
Prime candidates are three groups of proteins that con-
tain functional motifs: (1) PCNA-like proteins Radl/
Rad9/Husl, {2) RFC-like proteins Radl7/RFC2-5, and (3}
BRCT domain-containing proteins Rad9/DPB11 in Sac-
charomyces cerevisiae and Crb2/Rhp9/Cut5 in Schizo-
saccharomyces pombe {the mammalian counterparts are
not known, but the breast cancer tumor suppressor pro-
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tein BRCAI and a protein called 53BP1 are candidates;
Zhou and Elledge 2000). The double-stranded break
(DSB) repair protein complex MRE11/RAD50/NBS1 (M/
R/N] is also hypothesized to be a sensor, as it localizes to
the region of DSBs in response to ionizing radiation (IR}
(Maser et al. 1997; Nelms et al. 1998; Mirzoeva and Pe-
trini 2001). The central signal transducer in response to
IR is the checkpoint kinase ATM, the protein product of
the gene mutated in ataxia-telangiectasia {A-T) (Shiloh
and Rotman 1996). ATM is responsible for the activation
of the Gy, §, and G,/M checkpoints {Shiloh 2001). Tumor
suppressor proteins p53 and CHK2 serve as effectors and
are phosphorylated and activated by ATM to induce G,
and G,/M cell cycle arrest {Banin et al. 1998; Canman et
al. 1998; Matsuoka et al. 1998).

The defective S-phase checkpoint is defined by radio-
resistant DNA synthesis (RDS). In S-phase checkpoint
proficient cells, the rate of DNA synthesis decreases in
response to IR. This decrease occurs to a lower extent in
S-phase checkpoint defective cells. A-T and NBS (derived
from the Nijmegen breakage syndrome) cells were first
noted for this defect {Painter and Young 1980). One path-
way involved in the activation of the S-phase checkpoint
is ATM/CHK2/CDC25A (Falck et al. 2001). ATM acti-
vates CHK2, and CHK2 phosphorylates the cell cycle
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regulator CDC25A, leading to its degradation through
the polyubiquitination-mediated proteolysis pathway.
ATM also phosphorylates NBS1 to activate the S-phase
checkpoint {Gatei et al. 2000; Lim et al. 2000; Wu et al.
2000; Zhao et al. 2000), but the downstream effectors are
not known, and the relationship between the NBS1 path-
way and the ATM/CHK2/CDC25A pathway is not clear.
BRCAI, which is believed to function in DNA damage
response and transcription regulation, is also required for
activation of the S-phase checkpoint (Xu et al. 2001), and
is also phosphorylated by ATM in response to IR (Cortez
et al. 1999},

Structural maintenance of chromosomes (SMC) pro-
teins are evolutionarily conserved chromosomal pro-
teins. SMC proteins contain coiled-coil domains flanked
by globular N- and C-terminal domains, and are divided
in the central region by a flexible hinge domain. SMC1
and SMC3 are components of the cohesin complex,
which is necessary for sister chromatid cohesion {Guacci
et al. 1997; Michaelis et al. 1997; Losada et al. 1998).
SMC1 and SMC3 are believed to form a heterodimer in
an antiparallel fashion, in which the C-terminal coiled-
coil domain of SMCI1 interacts with the N-terminal
coiled-coil domain of SMC3 (Strunnikov and Jessberger
1999). Cohesion between sister chromatids must be co-
ordinated with DNA replication because cohesion is es-
tablished during DNA replication (Uhlmann and Nas-
myth 1998). The cohesin complex also functions in
DNA repair, and is required for postreplicative DSB re-
pair in S. cerevisiae (Sjogren and Nasmyth 2001). A mu-
tation in one subunit of the cohesin complex in S.
pombe, Rad21, renders cells sensitive to DNA damage
{Birkenbih! and Subramani 1992).

We report here that SMC proteins are components of
the DNA damage response network. ATM phosphory-
lates SMC1 in response to IR in an NBSI-dependent
manner, and the phosphorylation of SMC1 is required for
S-phase checkpoint activation. Our data show that
SMC1 is a downstream effector in the ATM/NBS1
branch of the S-phase checkpoint pathway. We also
show that NBS1 serves as an adaptor in the ATM/NBS1/
SMC1 pathway. The ATM/CHK2/CDC25A pathway is
intact in NBS cells. Therefore, the ATM/NBS1/SMC1
pathway defines a separate branch of the S-phase check-
point that is distinct from the ATM/CHK2/CDC25A
pathway.

Results

SMC1 associates with BRCA1 and is phosphorylated
in response to IR

We recently partially purified and identified a BRCAI1-
containing protein complex, BASC, which contains sev-
eral components of the DNA damage response network,
including ATM, NBS1, and BLM, the protein product of
the gene mutated in Bloom syndrome (Wang et al. 2000).
We speculated that BASC functions as a human genome
surveillance complex. We report here that SMC1 and
SMC3 are two additional proteins that associate with
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BRCAL1 (data not shown). To confirm the association, we
immunoprecipitated SMC1 from HeLa nuclear extracts
(NE} and detected BRCA1 by Western blotting. An irrel-
evant antibody against SGT1 did not coimmunoprecipi-
tate BRCAL (Fig. 1a). This protein interaction is not me-
diated by DNA, as SMC1 coimmunoprecipitated BRCA1
from NE that were treated with 1.2 pg/mL ethidium bro-
mide to disrupt protein-DNA interactions (Fig. 1a, last
lane).

Because BASC contains many proteins that function
in DNA damage signaling, we examined whether SMC1
was posttranslationally modified in cells that were
treated with IR. A slower-migrating band was observed
for SMC1 (Fig. 1b, lane 3}, indicating that SMC1 may be
phosphorylated in response to IR. Phosphatase treatment
of the cell lysate eliminated the top band (Fig. 1b, lane 4},
showing that SMC1 was, indeed, phosphorylated. SMC1
can also be phosphorylated in response to a DNA repli-
cation block {(HU treatment), but with much slower ki-
netics than BRCALI (Fig. 1b; data not shown), suggesting
that different kinases are involved. These observations
support the notion that SMC1 may be a component of
the DNA damage response network.

SMC1 phosphorylation is defective in ATM-
and NBS1-deficient cells

To delineate the interrelationship between SMCI1 and
the components of the BRCAI network, we studied the
phosphorylation of SMCI1 in cell lines that are wild type
or defective in the individual components of the BRCA1
network. Phosphorylation of SMC1 was detected in both
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Figure 1. SMCI associates with BRCA1 and is phosphorylated
in response to IR. (@} Coimmunoprecipitation of BRCA1l and
SMCI1 in HeLa NE and NE treated with 1.2 pg/mL ethidium
bromide. SGT1 is an irrelevant antibody serving as a negative
control. {b} Phosphorylation of SMC1 in response to IR. T24
cells were left untreated, irradiated with 10 Gy of IR and incu-
bated for 2 h, or treated with 1 mM hydroxyurea {(HU) for 8 h.
Cell lysates before and after treatment with 20 U/pL \ protein
phosphatase were analyzed by Western blotting.




human cancer and primary cell lines as early as 15 min
after IR treatment (Fig. 2a; data not shown). The A-T cell
line GMO05849 was defective in SMC1 phosphorylation
in response to IR (Fig. 2a,b).

The ATM/NBS1/SMC1 DNA damage signaling pathway

Because NBSI functions in the ATM pathway, we ex-
amined the dependence of SMC1 phosphorylation on
NBS1. Defective phosphorylation of SMC1 was also ob-
served in cells defective in NBS1 (GM 07166 and JS; Fig.

IR/10Gy
Untreated 15 min 1h 6h
a WB N\ KN N
2 >
v S ¢ S e
AT™M . ’ TP e
SMCI e W ﬁ W w<&v i ﬁ,
1R/1h
Untreated 10 Gy 20 Gy 40 Gy
b ws N > S N
4 RO o
BRCAL e e SIS g W05 auuy S wne
IR/1h
¢ Untreated 10 Gy 20 Gy 40 Gy
W8 )] P o P
- % P s P % 5
R R R R i it
NBS1 £ - r
IR/30min
d Untreated $Gy 10 Gy 20 Gy
WB
F e F e e &
e f IR/10Gy
WB Control IR/20Gy/th wB Uatreated 15 min ih
e N A A A S
ATM b Tl T BRCAD | Moo i it Gt W8

Figure 2. Phosphorylation of SMC1 in response to IR is ATM- and NBS1-dependent. {a) Comparison of SMC1 phosphorylation
kinetics in normal (GM00637) and A-T (GM05849) cell lines. Cells were irradiated with 10 Gy and incubated for indicated time
periods. Cell lysates were analyzed by Western blotting. {b) Comparison of SMC1 phosphorylation in normal and A-T cells as a
function of IR dosage. After receiving the indicated IR dosages, cells were incubated for 1 h. (c,d) Comparison of SMC1 phosphorylation
in normal (IMR-90 and TK6) and NBS1-defective cells (GM07166 and JS). (e} Dependence of SMC1 phosphorylation on ATM. ATM
fibroblasts FT169A and their ATM cDNA-complemented derivative cell line YZ5 were irradiated and analyzed for SMC1 phosphory-
lation. {f) Dependence of SMC1 and BRCA1 phosphorylation on NBS1. A GM07166 TERT cell line and its NBS1 cDNA-complemented
derivative cell line were irradiated and analyzed for SMC1 and BRCAI phosphorylation.
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2¢,d) as compared with NBS1 wild-type cells (IMR-90
and TK6; Fig. 2c,d). Interestingly, the defect in SMC1
phosphorylation was better observed at a lower IR dos-
age, particularly in the lymphoblast cell line JS.

Defective SMC1 phosphorylation in A-T cells was cor-
rected by the introduction of ATM c¢DNA; therefore,
SMC1 phosphorylation is indeed ATM-dependent (Fig.
2¢}. Phosphorylation of SMC1 and BRCA1 was restored
with the introduction of NBS1 ¢cDNA in NBS fibroblasts
{Fig. 2f), thus showing that the phosphorylation of SMC1
and BRCAI in response to IR is NBS1-dependent. To-
gether, these observations suggest that SMC1 and
BRCAL function in the ATM and NBS1 signaling path-
way in response to IR.

8957 and 8966 of SMC1 are phosphorylated in vivo

in response to IR, and ATM phosphorylates SMC1

in vitro

We used mass spectrometry to identify in vivo phos-
phorylation sites in SMC1. SMCI1 was immunoprecipi-
tated from NE prepared from irradiated cells, immuno-
precipitates were resolved on SDS-PAGE, and SMC1 was
analyzed with mass spectrometry {Zhang et al. 1998).
Trypsin digestion of the bottom band of SMCI1 identified
a phosphopeptide, and mass spectrometric sequencing
of the phosphopeptide was used to identify the exact
phosphorylation site. The observation of the y,, ion,
which corresponds to amino acid residues 959-968
without phosphorylation, and the y,, ion, which corre-
sponds to residues 957-968 with a phosphate group,
unambiguously identified one of the three SQ sites pres-
ent in the phosphopeptide, §957, as the site of phos-
phorylation (Fig. 3a). The masses of other fragment ions
all agree with this assignment. Asp-N digest of the top
band identified another phosphopeptide {Fig. 3b). Mass
spectrometric sequencing of this phosphopeptide con-
firmed phosphorylation and unambiguously identified
it as spanning amino acids 961-984 of SMCI1 (data
not shown). However, owing to the low amount of phos-
phorylated SMC1 and the lesser propensity of Asp-N
peptides to break randomly along the peptide back-
bone compared with tryptic peptides, we were unable
to pinpoint the precise phosphorylation site in this phos-
phopeptide. Given that this phosphopeptide contains
one SQ motif, which confers to the ATM phosphoryla-
tion consensus (Kim et al. 1999; O’Neill et al. 2000},
and that phosphorylation of SMC1 is ATM-dependent,
we tentatively assigned S966 as the phosphorylation
site. Because the phosphopeptide recovered from the
bottom band contains unphosphorylated S966 (Fig. 3a),
and the phosphopeptide recovered from the top band
contains phosphorylated $966, the phosphorylation of
8966 is likely to contribute to the SDS-PAGE mobility
shift.

We raised phosphorylation site-specific antibodies
against pS957 and pS966 of SMC1 and affinity-purified
them. To show the specificity of these antibodies, we
made S957A, S966A, and S957A/S966A mutations in
SMC1, transiently expressed Flag-tagged wild-type (WT)
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and mutant SMC1 in 293T cells, irradiated the cells with
10 Gy of IR, and let them recover for 1 h. Flag-SMC1
proteins were immunoprecipitated and analyzed by
Western blotting using phospho-SMC1 antibodies. Phos-
pho-specific antibody against pS957 did not recognize
Flag-SMC1-S957A or Flag-SMC1-S957A/S966A, in
which §957 was mutated, but recognized Flag-SMC1-
WT and Flag-SMC1-S966A (Fig. 3c), showing that the
phospho-specific antibody against pS957 specifically rec-
ognized $957. Similarly, the phospho-specific antibody
against pS966 specifically recognized $966. We then used
these antibodies to examine SMC1 phosphorylation in
vivo in 293T and HeLa cells in response to IR. Both $957
and S966 were phosphorylated in vivo in response to IR
(Fig. 3d; data not shown).

To determine whether ATM directly phosphorylates
SMC1 in vitro, we expressed a fragment of SMC1 (amino
acids 890-1233) containing the in vivo phosphorylation
sites as a GST fusion protein. Wild-type Flag-tagged
ATM, immunoprecipitated either by an ATM antibody
or a Flag antibody from transiently transfected 293T
cells following IR treatment, phosphorylated GST-
SMCI1, whereas kinase-dead ATM did not (Fig. 3¢; data
not shown). We conclude that ATM phosphorylates
SMCI in vitro.

Dependence of $957 and $966 phosphorylation
on ATM and NBS1

To examine whether ATM is required for the phosphory-
lation of §957 and $966 in response to IR, we used the
A-T fibroblast cell line FT169 that was complemented
with either wild-type ATM ¢cDNA or the vector. Cycling
cells were irradiated with 10 Gy of IR and allowed to
recover for different times. Figure 4a shows that both
§957 and S966 phosphorylation depended on ATM. To
examine whether NBS1 is required for S957 and $966
phosphorylation, we used NBS fibroblasts that were
complemented with either wild-type NBS1 or the vector
{Fig. 4b, lanes 1-8). Phosphorylation of $957 and $966
both depended on the presence of NBS1. Quantification
of the pS966 blot relative to the SMC1 blot indicated
that at 1 h after IR, complementation with wild-type
NBS1 resulted in a threefold increase in the phosphory-
lation of $966, whereas at 2 and 4 h after IR, this increase
was only about twofold.

It is hypothesized that the M/R/N complex may func-
tion as a sensor for DSB (Mirzoeva and Petrini 2001).
ATM phosphorylates NBS1 in response to IR on S$278
and S343. This phosphorylation is required for the acti-
vation of the S-phase checkpoint (Zhao et al. 2000). If the
M/R/N complex functions as a sensor, phosphorylation
of proteins that are downstream of NBS1 will be defec-
tive in NBS cells. This is, indeed, the case for SMCI,
which supports the sensor model. The sensor model also
predicts that the phosphorylation of ATM substrates
should not depend on NBS1 phosphorylation. We tested
this prediction using NBS cells that were complemented
with S278A/S343A mutant NBS1 (Fig. 4b, lanes 9-12).
Phosphorylation of $957 clearly depended on NBS1 phos-
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Figure 3. §957 and $966 of SMCI are phosphorylated in vivo in response to IR. SMC1 was immunoprecipitated from HeLa NE
prepared from cells that were irradiated with 20 Gy of IR, recovered for 2 h, and resolved on a 6% SDS-PAGE gel. The top and bottom
bands of SMC1 were cut out and analyzed separately. Identification of phosphopeptides was carried out as described using mass
spectrometry (Zhang et al. 1998). {a) The MS/MS spectrum of the tryptic phosphopeptide amino acids 945-968 of SMC1 from the
bottom band. The spectrum identifies the site of phosphorylation as $957. {b) A portion of the MALDI-TOF spectra of the Asp-N
digests of the top band of SMCI1 that were treated with {(bottom panel) and without (top panel) calf intestine phosphatase (CIP). The
arrow marks the phosphopeptide, in which S966 is tentatively assigned as the site of phosphorylation. {c) Test of the specificity of
phospho-specific antibodies. Flag-SMC1 WT, S957A, S966A, and S957A/S966A were expressed in 293T cells. Cells were treated with
10 Gy of IR and allowed to recover for 1 h. Flag-SMCI1 proteins were immunoprecipitated with a Flag antibody, and Western blotted
with phospho-specific antibodies against p$957 and pS966. (d) In vivo phosphorylation of $957 and $966 of SMC1 in response to IR.
Untreated and IR-treated 293T cells were analyzed by Western blotting using phospho-specific antibodies against pS957 and pS966. {e)
In vitro phosphorylation of SMC1 by ATM. A GST-SMC1 fragment (amino acids 890-1233) and Flag-tagged ATM {wild-type or kinase
dead) immunoprecipitated by Flag antibody from transiently transfected 293T cells following 20 Gy of IR and 1 h of recovery were used to
perform the kinase assay.
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Figure 4. Phosphorylation of $957 and $966 of SMC1 depends
on ATM and NBSI. {a} Vector and wild-type ATM cDNA-
complemented A-T cells were irradiated with 10 Gy of IR and
allowed to recover for the indicated times. Phosphorylation of
§957 and $966 of SMC1 was examined by Western blotting
using phospho-specific antibodies against pS957 and pS966 of
SMC1. Two identical gels were run, one for blotting pS957, and
the other for blotting pS966. Care was taken to load the two gels
equally. (b} Vector, wild-type NBS1, and phosphorylation mu-
tant S$278A/S343A NBS1 ¢eDNA-complemented NBS cells were
irradiated with 10 Gy of IR and allowed to recover for the indi-
cated times. Phosphorylations of §957 and $966 of SMC1 were
examined by Western blotting using phospho-specific antibod-
ies against pS957 and pS966 of SMC1.

NBS1

phorylation. However, the dependence of $966 phos-
phorylation on NBS1 phosphorylation was not as clear.
Quantification of the data indicated a nearly twofold dif-
ference in $966 phosphorylation 1 h after IR between
cells complemented with wild-type and/or S278A/
S§343A mutant NBS1. Although small, this difference
was consistently observed in three different sets of ex-
periment. At 2 and 4 h after IR, no significant difference
in §966 phosphorylation was observed between the two
cell lines. Therefore, the phosphorylation of S966 de-
pends on NBS1 phosphorylation in the early response (1
h after IR}, but not in the late response {2 and 4 h after
IR}. These observations contradict the prediction of the
sensor model. Therefore, the sensor model cannot be
strictly correct and needs to be modified. We propose
that the M/R/N complex can serve as a sensor, but that
NBS1 functions as an adaptor after IR for the phosphory-
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lation of SMCI in the ATM/NBS1/SMC1 pathway (see
below).

Phosphorylation of SMC1 is BRCAI-
and BLM-independent

To test the hypothesis that BRCA1 plays an organizer or
adaptor role in BASC, we examined the dependence of
SMC1 phosphorylation on BRCAl. SMC1 was phos-
phorylated on §957 and S§966 in response to 10 Gy of IR
in HCC1937 cells that were complemented with wild-
type BRCA1 cDNA or the vector {Fig. 5a). Quantification
of phosphorylated bands relative to total SMC1 indicated
a maximum 1.5-fold increase in the phosphorylation of
§957 and S966 in the presence of wild-type BRCAL at 1
and 4 h after IR. We observed no significant difference in
the SDS-PAGE mobility shift of SMC1 in the two cell
lines after IR treatment (Fig. 5b). Moreover, the phos-
phorylation of $957 and S966 was independent of BRCA1
when studied in mouse embryonic fibroblasts (MEF) that

a 10GyIR
HCC{937-BRCA1
VYector - WT
pS9s7
pS966
SMC1
BRCA1l
b HCC1937-BRCAL
Control IR, 10 Gy
* .- * -  BRCAI
A GM03402, BLM+

IR, 10 Gy
30° 1hr 2br 4hr 6 hr

0 15
SMC1 e

Figure 5. Phosphorylation of $957 and §966 of SMCI does not
depend on BRCA1 or BLM. (a) Vector and wild-type BRCA1
c¢DNA-complemented HCC1937 cells were irradiated with 10
Gy of IR and allowed to recover for the indicated times. Phos-
phorylation of $957 and $966 of SMC1 was examined by West-
ern blotting using phospho-specific antibodies against pS957
and pS966 of SMCL. {b) Phosphorylation of SMC1 was exam-
ined by SDS-PAGE mobility shift in the HCC1937 cells that
were complemented with vector and wild-type BRCA1 cDNA.
(c) The BLM-deficient cell line GM03402 was used to examine
the kinetics of SMC1 phosphorylation in response to 10 Gy of IR.
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Figure 6. Phosphorylation of §957 and/or $966 of SMCl is re-
quired for IR-induced S-phase checkpoint activation. RDS in
293T cells that were transiently transfected with pCDNA3-Flag
vector, pCNDA3-Flag-SMC1-WT, S8957A, S966A, S957A/
S966A, and pCDNA3-Flag-ATM-KD. Incorporated [*H|thymi-
dine was measured following 20 Gy of IR and 1 h of incubation.
Data were normalized with respect to untreated (control) cells.
Error bars represent the standard deviation. Five independent
experiments were carried out.
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were either wild type for BRCA1 or contained a BRCA1
exon 11 deletion {data not shown). Therefore, phosphory-
lation of SMC1 appears to be BRCAl-independent, and
BRCAL1 does not seem to play an adapter/organizer role
in the phosphorylation of SMCI1 in response to IR. How-
ever, HCC1937 cells are not completely null for BRCAI,
and the BRCA1 exon 11 deletion MEF has a truncated
BRCAI1 protein. Hence, it is formally possible that
BRCAL plays a role in this pathway. Sgsl of S. cerevisiae
is required for DNA damage checkpoint activation (Frei
and Gasser 2000), and its human homolog, the BLM he-
licase, is a component of the BASC. BLM also associates
with SMC1 (data not shown). The above findings led us
to question whether SMC1 phosphorylation depends on
BLM. SMC1 was phosphorylated in the BLM-defective
cell line GMO03402 in response to IR with kinetics simi-
lar to those in IMR-90 cells (Fig. 5c). Therefore, SMC1
phosphorylation does not depend on BLM.

Phosphorylation of S957 and/or $966 is required
for activation of the S-phase checkpoint

As SMCI1 phosphorylation is both ATM- and NBS1-de-
pendent, we tested whether SMC1 phosphorylation par-
ticipates in the ATM/NBS1-dependent S-phase check-
point pathway in response to IR. We transiently trans-
fected 293T cells with Flag-epitope-tagged wild-type or
mutant S957A, S966A, or S957A/S966A SMC1, and mea-
sured RDS 1 h after 20 Gy of IR. Cells expressing both
vector and Flag-SMC1-WT showed inhibition of DNA
synthesis, but those expressing Flag-SMC1-S957A, Flag-
SMC1-5966A, and Flag-SMC1-S957A/S966A showed
RDS (Fig. 6). The extent of RDS in the three SMC1 mu-
tant cell lines was intermediate to those in Flag-SMC1-
WT and ATM-KD cells (ATM-KD is a kinase-dead mu-
tant of ATM that functions as a dominant negative, in-
terfering with wild-type ATM functions.] Similar

The ATM/NBS1/SMC1 DNA damage signaling pathway

amounts of Flag-SMC1 were expressed in 293T cells
{data not shown; similar to Fig. 3c). Therefore, phos-
phorylation of §957 and/or S966 is required for the acti-
vation of the S-phase checkpoint.

Cohesion per se is not sufficient
for the phosphorylation of SMC1

To help understand the molecular mechanism of SMC1-
dependent S-phase checkpoint activation, we examined
whether the phosphorylation of SMC1 has an effect on
its binding to chromosomes. Untreated or IR-treated
U20S cells were fractionated according to the chromatin
fractionation protocol developed in the Stillman labora-
tory (Mendez and Stillman 2000}, and cytoplasmic, nu-
cleoplasmic, and chromatin-bound fractions were ana-
lyzed by Western blotting (Fig. 7a). SMC1 was largely
chromatin-bound ({P3 fraction) before and after IR, and
the phosphorylation of $966 did not affect chromatin
binding. We could not detect pS957, as the pS957 anti-
body is significantly weaker than the pS966 antibody.
Because SMCI is a component of the cohesin complex,
it is important to study its phosphorylation in relation to
its function in sister chromatid cohesion. The cohesin

a NoIR 20 Gy/0.5 hr
5183 P3SIS3P3

b 20 Gy, 2 hrs

M _ G1/8/G2

51 83 P3SIS3I P3

SMCI Wee i amm
NBSI

Figure 7. Characterization of SMC1 phosphorylation. (a} Phos-
phorylation of $966 does not affect SMC1 chromatin binding.
U20S cells were fractionated into the cytoplasmic {S1}, nucleo-
plasmic (S2), and chromatin {P3) fractions and analyzed by
Western blotting. {b) Cohesion per se is not sufficient for $966
phosphorylation. U20S cells were blocked in mitosis with no-
codazole, irradiated with 20 Gy of IR, and allowed to recover for
2 h. Cells were then separated into the mitotic fraction {M) and
G,/S/G, fraction by mitotic shake-off. M and G,/S/G, cells
were subject to chromatin fractionation.
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complex is present on chromosomes in interphase cells
even before sister chromatids are made. Most of the co-
hesin, however, dissociates from chromosomes in pro-
metaphase, leaving only a small fraction of the cohesin
on chromosomes to hold the sister chromatids together
until the metaphase-anaphase transition {Losada et al.
1998; Hirano 2000). Only this small fraction that is still
chromatin-bound in metaphase technically functions as
cohesin. To examine the relationship between SMCI1
phosphorylation and sister chromatid cohesion, we
blocked the cell cycle in mitosis using nocodazole, irra-
diated the cells with 20 Gy of IR, and allowed cells to
recover for 2 h. We then separated the mitotic cells from
the rest by mitotic shake-off, and chromatin-fractionated
the two cell populations. As shown in Figure 7b, $966 is
not phosphorylated in the mitotic population, although a
significant amount of SMC1 is still chromatin-bound. In
the G,/S/G, population, however, the chromatin-bound
SMCI (P3) is phosphorylated on $966. Therefore, cohe-
sion per se is not sufficient for $966 phosphorylation.
Consistent with this finding, NBS1 dissociates from
chromatin in the mitotic population, but is chromatin-
bound in the G,/S/G, population. Therefore, the phos-

- phorylation of SMCI1 is not likely to regulate cohesion in
mitosis, suggesting other functions for SMC1 besides sis-
ter chromatid cohesion.

The ATM/NBS1/SMC1 S-phase checkpoint pathway
is distinct from the ATM/CHK2/CDC25A pathway

The molecular mechanism for the ATM/NBS1-depen-
dent S-phase checkpoint is not known. Because the
ATM/CHK2/CDC25A pathway is known to regulate the
S-phase checkpoint in response to IR, we investigated
whether the ATM/NBS1 pathway converges to the
ATM/CHK2/CDC25A pathway. NBS cells comple-

mented with vector, wild-type NBS1, or S287A/S343A
mutant were treated with 10 Gy of IR and analyzed for
CDC25A. As shown in Figure 8a, CDC25A is degraded
in all three cell lines in response to IR. Therefore, the
ATM/CHK2/CDC25A pathway is intact in NBS cells.
This is consistent with the activation of CHK2 in the
three cell lines {Fig. 8b}. In wild-type NBS1-comple-
mented cells, CDC25A starts to accumulate 3 h after IR.
In vector and mutant NBS1-complemented cells, how-
ever, CDC25A is not detected up to 4 h after IR. This
observation implies that the signal that leads to
CDC25A degradation is removed shortly after IR in wild-
type cells, but persists in the absence of NBSI or the
presence of a phosphorylation-defective mutant. These
data suggest that the ATM/NBS1/SMC1 pathway of the
S-phase checkpoint is distinct from the ATM/CHK2/
CDC25A pathway (Fig. 8c).

Discussion

In this study, we established that SMCI of the structural
maintenance of chromosomes proteins is a2 component
of the DNA damage response network. Data presented
here show that SMC1 is a downstream effector of ATM
and NBSI1 in the activation of the IR-induced S-phase
checkpoint. We also discovered that the phosphorylation
of NBS1 by ATM is required for the phosphorylation of
SMCI, establishing the role of NBS1 as an adaptor in the
ATM/NBS1/SMC1 pathway. The ATM/CHK2/CDC25A
pathway is also involved in S-phase checkpoint activa-
tion (Falck et al. 2001). We found that this pathway is
intact in NBS cells. Our results indicate that the ATM/
NBS1/SMC1 pathway is a separate branch of the S-phase
checkpoint pathway, distinct from the ATM/CHK2/
CDC25A branch {Fig. 8¢c). Thus, this work establishes
the ATM/NBS1/SMC1 branch of the S-phase checkpoint
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in response to IR, and provides a molecular basis for the
S-phase checkpoint defect in NBS cells.

The distinction between the ATM/CHK2/CDC25A
pathway and the ATM/NBS1/SMC1 pathway

The kinetics of CDC25A degradation and accumulation
in response to IR in NBS cells complemented with the
vector, wild-type NBS1, or the phosphorylation mutant
NBS1 are intriguing. CDC25A is degraded in the early
response to IR in the three cell lines, suggesting that the
ATM/CHK2/CDC25A pathway is intact in NBS cells
{Fig. 8a). Consistently, CHK2 is activated in response to
IR in all three cell lines ({Fig. 8b). Therefore, NBS1 is not
required for the activation of CHK2, at least in response
to 10 Gy of IR. This conclusion is in contrast with De-
lia’s results (Buscemi et al. 2001). Whereas Delia and
coworkers used an IR dosage of 4 Gy, we used a dosage of
10 Gy. Possibly, different pathways are used for the re-
sponse to DNA damage of different severity. Moreover,
CDC25A does not accumulate to detectable levels after
IR in the absence of NBS1 or if NBS1 cannot be phos-
phorylated by ATM. Therefore, NBS cells are defective
in the late stage of the response to IR, possibly in the
recovery phase. In the presence of wild-type NBS1, the
signal that leads to CDC25A degradation is eliminated
in 3 h, whereas in the absence of NBS1 or NBS1 phos-
phorylation by ATM, this signal is not removed in 3 h,
leading to a relatively late accumulation of CDC25A.
NBSI1 must participate in the elimination of the signal
that results in the degradation of CDC25A. This scenario
agrees with a role for the M/R/N complex in DNA rep-
lication and repair {Maser et al. 2001). Phosphorylated
SMCI may also play a role in removing the signal, per-
haps by homologous recombinational repair. Homolo-
gous recombinational repair requires the presence of an
undamaged copy of the chromosome as a template. Sis-
ter chromatids are the preferred partners for this purpose.
SMCI, as a subunit of the cohesin complex, may provide
the structural scaffold for DSB repair by homologous re-
combination. This is consistent with the requirement of
sister chromatid cohesion for postreplicative DSB repair
in S. cerevisiae (Sjogren and Nasmyth 2001} and the find-
ing that SMCI1 is a component of the recombination
complex RC-1 {Jessberger et al. 1996). It has been shown
that postreplicative repair requires cohesion that is es-
tablished only during S phase. When the cohesin com-
plex is expressed after the S phase, despite the fact that
the cohesin complex is chromatin-bound, the cells are
defective in DNA repair. This finding is in agreement
with our observation that the fraction of SMC1 that is
still chromatin-bound in mitosis, providing cohesion be-
tween sister chromatids, is not phosphorylated. Taken
together, it is likely that phosphorylated SMCI is re-
quired for efficient postreplicative repair in human cells.
Functionally, the two branches of ATM-dependent
S-phase checkpoint pathways diverge to allow the
CHK2/CDC25A branch to directly communicate with
the cell cycle machinery, and the NBS1/SMC1 branch to
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directly communicate with the replication/repair ma-
chinery.

Phosphorylation of SMC1 is required for activation
of the S-phase checkpoint

The exact molecular mechanism by which phosphory-
lated SMC1 prevents radio-resistant DNA synthesis is
not known. CDC25A is degraded and CHK2 is activated
in NBS cells. Considering the above observations, phos-
phorylated SMCI1 is not likely to function toward the
suppression of the firing of origins in line for firing before
encountering DSB, a pathway that is largely controlled
by RAD53 (the human counterpart is CHK2) and the cell
cycle machinery (Tercero and Diffley 2001). Phosphory-
lation of SMC1 may participate in the replication elon-
gation process by interfering with the establishment of
cohesion between the template and the sister chromatid
that is being elongated, thus slowing down the progres-
sion of the replication fork. Phosphorylated SMCI binds
tightly to chromosomes in G,/S/G,. Structurally, SMC1
is phosphorylated within the C-terminal coiled-coil do-
main, and SMC3, the partner of SMC1, is phosphory-
lated in the N-terminal coiled-coil domain (P. Yazdi and
]. Qin, unpubl.). These coiled-coil domains of SMC1 and
SMC3 are in the same position of the antiparallel het-
erodimer of SMC1/3. Hence, phosphorylation of SMC1
and SMC3 may result in a large conformational change,
modulating protein-protein interactions, presumably
with the replication machinery. The heart of future re-
search in the NBS1 branch of the S-phase checkpoint
will be at the identification of the components of the
replication machinery that are subject to regulation by
the ATM/NBS1 pathway.

NBS1 may be an adaptor in response to IR
in the ATM/NBS1/SMC1 pathway

The identities of sensors that detect DNA damage have
been elusive. The proposal that the human M/R/N com-
plex functions as a sensor is supported by the observa-
tion that in response to DSB, checkpoint activation and
S. cerevisine Rad9 phosphorylation, an early event in
checkpoint activation, require the Mrell/Rad50/Xrs2
complex (the S. cerevisiae counterpart of the human
M/R/N complex; D’Amours and Jackson 2001; Grenon
et al. 2001). Our finding that SMC1 phosphorylation {as
well as BRCA1 phosphorylation) in response to IR de-
pends on ATM and NBS1 may suggest that NBS1 lies
upstream of ATM, serving as a sensor for DSB as pro-
posed previously (Mirzoeva and Petrini 2001), or modi-
fying DSB to a form recognizable by ATM. ATM is
known to phosphorylate NBS1 in response to IR, sug-
gesting that ATM lies upstream of NBS1. To resolve this
paradox, we suggest an alternative model in which the
M/R/N complex initially serves as a sensor, leading to
the activation of ATM. ATM, in turn, phosphorylates its
substrates, including NBS1. Phosphorylation of NBS1 ef-
fectively terminates the function of NBS1 as a sensor and
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converts NBS1 into an adaptor by conformational
change. The adaptor NBS! then positions NBS1-binding
proteins such that ATM can phosphorylate them. This
model is consistent with our finding that SMC1 phos-
phorylation depends on NBSI phosphorylation. Within
this model, the role of NBS1 can be more accurately
described as an adaptor that brings the substrate, SMCI1,
to ATM. This also agrees with the observation that a
small population of NBS1 interacts with a small popu-
lation of SMC1, as shown by coimmunoprecipitation (P.
Yazdi and J. Qin, unpubl.). Our duo sensor/adaptor
model also imposes specificity on DNA damage re-
sponse, that is, the transducers can only transduce sig-
nals to downstream effectors that bind to the duo sensor/
adaptor proteins. This specificity can explain why spe-
cific forms of DNA damage elicit specific responses
although they all may work through the same trans-
ducer. The specificity is imposed by the sensor/adaptor/
effector combination.

SMC1 phosphorylation is independent of BLM, sug-
gesting that BLM does not function in the ATM/NBS1/
SMC1 pathway. A definitive conclusion is difficult to
make for the role of BRCAL1 as an organizer or adaptor in
the ATM/NBS1/SMCI1 signaling pathway. The small in-
crease in SMCI1 phosphorylation after stable comple-
mentation of HCC1937 cells with BRCA1 cDNA may be
attributable to the low expression level of wild-type
BRCALI in this cell line. A definitive result would be
obtained if the HCC1937 cell line could be comple-
mented with higher, yet physiological amounts of
BRCAL. The relationship between SMC1 and BRCAL is
not clear. BRCA1 may function as a downstream effector
in this pathway, in which its putative E3 ubiquitin ligase
activity (Hashizume et al. 2001; Ruffner et al. 2001) is
regulated by DNA damage. Many BRCAl-interacting
proteins can thus serve as substrates for the E3 activity
of BRCA1. We speculate that SMC1 is such a substrate.
Therefore, it is conceivable that the BASC, as a genome-
surveillance complex, assembles sensors/adaptors, trans-
ducers, and effectors in a position to respond promptly to
insults on the genome. Understanding the functional re-
lationships among ATM, NBS1, BRCA1, SMC1/3, and
other proteins in the BASC complex will provide in-
sights into the mechanism of DNA damage response and
the role of each individual protein.

Materials and methods

Antibodies

Rabbit polyclonal SMC1 antibody was raised against peptide
sequence DLTKYPDANPNPNEQ and affinity-purified {Bethyl
Laboratories). ATM and NBS1 antibodies were from GeneTex.
Monoclonal mouse CDC25A antibody (F-6]) was from Santa
Cruz Biotechnology. BRCA1 antibody was described before
{Wang et al. 2000). Phosphorylation site-specific SMC1 antibod-
ies were raised against QEEGSpSQGEDS {S957 of SMC1), and
DSVSGpSQRISS (8966 of SMC1). Affinity-purified phosphory-
lation site-specific antibodies recognize phosphorylated and un-
phosphorylated peptides with ratios >99:1 by ELISA (Bethyl
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Laboratories). Immunoprecipitation and Western blotting were
carried out as described (Wang et al. 2000).

Plasmids, recombinant proteins, transient transfection,
and in vitro kinase assays

Fragments of SMC1 cDNA were generated by polymerase chain
reaction with reverse transcription {(RT-PCR) using RNA iso-
lated from HeLa cells and cloned in pCR-Blunt I-TOPO vectors
(Invitrogen). Full-length SMC1 cDNA was assembled by liga-
tion of SMC1 fragments in pCDNA3.1{-). A GST-SMCI1 fusion
protein (amino acids 890-1233) plasmid was generated by PCR
and cloned in PGEX-4T-2. The fusion protein was expressed and
purified according to the standard procedures. Site-specific mu-
tagenesis was performed using a QuickChange site-directed mu-
tagenesis kit [Stratagene), and the results were verified by se-
quencing. Wild-type, S957A, S966A, and S957A/S966A mutant
SMCI1 were subcloned in the pCDNA3-Flag vector. Transient
transfection of these plasmids was carried out using Lipofect-
amine 2000 {Invitrogen) according to the manufacturer’s sug-
gested protocol. In vitro kinase assays were carried out as de-
scribed {Cortez et al. 1999).

Cell culture

Control (IMR-90, GM00637, TK6, 293T, and HeLa), A-T
(GMO05849), NBS (GMO07166 and JS), BLM (GMO03402), and
BRCA1 (HCC1937) cell lines were purchased from either the
Coriell Human Mutant cell repository or ATCC and cultured
according to directions from the source. Wild-type or mutant
S279A/S343A NBS1 was expressed in NBS1-LBI fibroblasts
{Zhao et al. 2000} using the retroviral vector pLXIN {Clontech).
The 29310A1 retroviral packaging cells (Imgenex) were trans-
fected with pLXIN vector (as a negative control} or pLXIN vec-
tors containing cDNA encoding wild-type NBS! or mutant
S279A/S343A NBS1. Retroviral supernatants were collected 48
h posttransfection. NBS1-LBI cells were incubated in retroviral
supernatant plus fresh D-MEM supplemented with 10% fetal
calf serum {volume ratio 1:1) for at least 24 h. NBS1-LBI cells
were selected with 500 pg/mL G418 72 h after infection. Clones
with ectopic expression of NBS1 were tested by Western blot-
ting and immunostaining and maintained in D-MEM supple-
mented with 10% FCS and 200 pg/mL G418. FT169A ATM
fibroblasts and their derivative YZ5 {ATM cDNA-comple-
mented] were provided by Y. Shiloh (Department of Human
Genetics and Molecular Medicine, Sackler School of Medicine,
Tel Aviv University, Israel}; GM07166 telomerase catalytic sub-
unit (TERT) cells and the NBS1 cDNA-complemented
GMO07166 TERT cell line were provided by D. Livingston {The
Dana-Farber Cancer Institute and the Harvard Medical School,
Boston, MA); and the BRCA]1 ¢cDNA-complemented HCC1937
cell line was provided by J. Chen {Division of Oncology Re-
search, Mayo Clinic, Rochester, MN).

Radio-resistant DNA synthesis

RDS assay was carried out as described {Morgan et al. 1997).
Briefly, 293T cells were labeled with 10 nCi/mL of {**C]thymi-
dine for 48 h to control for the total DNA content of different
samples. Cells were then transfected with plasmids encoding
wild-type and mutant Flag-SMC1. Transfection efficiency was
estimated to be ~60%-70% using a GFP-SMC1 plasmid and
FACS analysis. Sixty hours after transfection, cells were irradi-
ated with 20 Gy of IR and incubated for 1 h. They were then
pulse-labeled with 1 pCi/mL [*H]thymidine for 30 min, washed
twice with PBS, fixed with methanol, and filtered on a GF/C



fiberglass filter. Filters were counted in a liquid scintillation
counter. DNA synthesis was calculated using the ratio of 3H/
1C. Overlapping ®H and '#C emissions were corrected with
quenched ®H and '“C standards. Three replicas were measured
for each sample, and five independent experiments were per-
formed to collect data for statistical analysis.

Mass spectrometry for the identification
of phosphorylation sites

Identification of phosphorylation sites with mass spectrometry
was carried out as described previously {Zhang et al. 1998).
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The mismatch repair proteins function upstream in the DNA dam-
age signaling pathways induced by the DNA methylating agent
N-methyl-N'-nitro-N-nitrosoguanidine (MNNG). We report that
MSH2 (MutS homolog 2) protein interacts with the ATR (ATM- and
Rad3-related) kinase to form a signaling module and regulate the
phosphorylation of Chk1 and SMC1 (structure maintenance of
chromosome 1). We found that phosphorylation of Chk1 by ATR
also requires checkpoint proteins Rad17 and replication protein A.
In contrast, phosphorylation of SMC1 by ATR is independent of
Rad17 and replication protein A, suggesting that the signaling
pathway leading to SMC1 phosphorylation is distinct from that
mediated by the checkpoint proteins. In addition, both MSH2 and
Rad17 are required for the activation of the S-phase checkpoint to
suppress DNA synthesis in response to MNNG, and phosphoryla-
tion of SMC1 is required for cellular survival. These data support a
model in which MSH2 and ATR function upstream to regulate two
branches of the response pathway to DNA damage caused by
MNNG.

y maintaining genome stability, the DNA damage response

network plays a significant role in preventing cancer
development (1). Many tumor suppressors, such as p53, Chk2,
and the breast cancer tumor suppressor BRCA1, are integral
components of this network, which regulates cell cycle check-
point activation and DNA repair. Genetic work from yeast has
established the current conceptual framework of DNA damage
response (2). In humans, the central checkpoint kinases ATM
(ataxia telangiectasia mutated) and ATR (ATM- and Rad3-
related), and the RFC (replication factor C)-like checkpoint
protein Rad17/RFC2-5 complex have been demonstrated to
function upstream of the DNA damage response pathway for
the activation of the downstream checkpoint kinase Chk1 by
phosphorylation (3). Because different DNA-damaging agents
generate different DNA lesions, a key question in damage
signaling is how the checkpoint proteins recognize different
DNA lesions. One mechanism of DNA damage recognition
has been elucidated recently, in which binding of replication
protein A (RPA) to single-stranded DNA (ssDNA) results in
recruitment of the ATR-interacting protein ATRIP to load the
ATR/ATRIP complex to ssDNA, leading to activation of ATR
(4). Because ssDNA is a common intermediate for many DNA
repair pathways, this model explains nicely how ATR-
dependent checkpoint pathways respond to different types of
DNA damage. ‘

In contrast to checkpoint pathways, DNA repair pathways use
lesion-specific factors to recognize different lesions (5, 6). The
mismatch repair (MMR) proteins play key roles in postreplica-
tional mispair correction that is essential for genomic stability
(7). Mutations in MMR genes, especially MSH2 and MLH], are
associated with predisposition to hereditary nonpolyposis colo-
rectal cancer (8-10). The MMR reaction is initiated by binding
of the MSH2 (MutS homolog 2)/MSH6 heterodimer to the
mismatched DNA (11). The MMR proteins also function in
signaling DNA damage (7, 11). Upon exposure to MNNG and

www.pnas.org/cgi/doi/10.1073/pnas.2536810100

crosslinking agents, cells deficient in MMR proteins exhibit
impaired G»/M cell cycle arrest, reduced activation of the
p53/p73 apoptosis pathway, and resistance to the cytotoxicity of
these DNA-damaging agents (12-14). Recently, the MMR sys-
tem has also been implicated in S-phase checkpoint activation in
response to low-dosage IR (15). The ability of the MSH2/MSH6
heterodimer to bind a variety of modified DNA structure in vitro
suggests a possibility that the MMR proteins may signal the DNA
damage directly. Alternatively, the checkpoint response can be
activated indirectly through recognition of repair intermediates
that are generated by MMR. These possibilities have not been
thoroughly tested.

In this study, we report a MSH2-dependent signaling pathway
in response to DNA damage caused by MNNG. We found that
MSH2 protein interacts with the ATR kinase constitutively to
form a signaling module that regulates the phosphorylation of
downstream effectors including Chkl and SMC1 (structure
maintenance of chromosome 1). Whereas phosphorylation of
Chk1 also requires Rad17 and RPA, phosphorylation of SMC1
is independent of Rad17 and RPA. Thus, the pathway leading to
SMC1 phosphorylation by ATR seems to branch out the check-
point pathway mediated by Rad17 and RPA. In addition, both
MSH?2 and Rad17 are required for the activation of the S-phase
checkpoint to suppress DNA synthesis in response to MNNG.
Thus, MSH2 and ATR function upstream to regulate two
branches of the response pathway to DNA damage caused by
MNNG.

Materials and Methods

Cell Lines and Antibodies. TK6 and MT1 cells (provided by P.
Modrich, Duke University, Durham, NC) were maintained in
RPMI medium 1640 with 10% FBS. 293T and HeLa cells were
cultured in DMEM with 10% FBS. Anti-RPA70 antibody was
from Oncogene Research Products (La Jolla, CA). Anti-
MSH2 (BL323), Radl7 (BL239G), Chki (BL234), SMC1
(BL308), MSH6 (BL903), SMC1-pS966 (BL311), Chk1-pS317
(BL229), and Chk1-pS345 (BL231) antibodies were from
Bethyl Laboratories (Montgomery, TX). Rabbit anti-ATR was
raised against GST-ATR (400-460) and affinity-purified. An-
ti-ATRIP antibody was provided by S. Elledge (Baylor College
of Medicine).

RNA Interference, in Vitro Kinase Assay, in Vitro Binding Assays,
Immunoprecipitation (IP), and Mass Spectrometry. The small inter-
fering RNA (siRNA) duplexes were synthesized by Dharmacon
Research (Boulder, CO) and prepared by annealing two 21-

Abbreviations: MNNG, N-methyl-N'-nitro-N-nitrosoguanidine; MMR, mismatch repair;
ATM, ataxia telangiectasia mutated; ATR, ATM- and Rad3-related; MSH, MutS homolog;
ATRIP, ATR-interacting protein; SMC, structure maintenance of chromosome; RPA, repli-
cation protein A; ssDNA, single-stranded DNA; siRNA, small interfering RNA; NE, nuclear
extracts; IP, immunoprecipitation.
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ribonucleotide oligonucleotides according to the manufacturer’s
suggestions. The sequences targeting each gene were as follows:
MSH2, 5'-AAU CUG CAG AGU GUU GUG CUU-3’; ATR,
5'-AAC GAG ACU UCU GCG GAU UGC-3'; Rad17,5'-AAC
AGA CUG GGU UGA CCCAUC-3";and ATM, 5'-AAG CAC
CAG UCC AGU AUU GGC-3'. The siRPA70 was described in
ref. 4. (Throughout, “si” before a gene name indicates gene-
specific siRNA.) The siGFP and siVimentin were purchased from
Dharmacon Research and used as mock controls. HeLa cells
were transfected with siRNA duplex by using Oligofectamine
(Invitrogen) according to the manufacturer’s protocols. Trans-
fected cells were replated 48 h after transfection with a 1:3 ratio
and treated with DNA-damaging agents 60-72 h after transfec-
tion (16).

The MSH2 and MSHS6 proteins were overexpressed in sf9 cells
transfected with baculovirus overexpressing MSH2 or MSH6
and purified by IP with antibodies. Flag-ATR was overexpressed
in 293T cells, purified with anti-Flag agarose, and eluted with
Flag peptide. MSH2 or MSH6 bound to protein A-Sepharose
were incubated at 4°C with either purified Flag-ATR or 3°S-
labeled, in vitro translated SMC1 for 1 h and washed three times
with NETN buffer (0.5% Nonidet P-40/1 mM EDTA, pH 8.0/20
mM Tris, pH 8.0/100 mM NaCl). The binding was analyzed with
Western blotting or autoradiography.

Purification of MSH2 complex was carried out in 5 ml of HelLa
nuclear extracts (NE) (=10 mg/ml protein) with 50 pg of MSH2
antibody essentially as described (17). The protein components
were separated on a SDS/PAGE and analyzed by mass spectrom-
etry as described (17). An in vitro kinase assay using overexpressed
Flag-ATR and GST-SMC1 was carried out as described (18).

Inhibition of DNA Synthesis and Clonogenic Survival Assays. Inhibi-
tion of DNA synthesis assay was carried out as described with
some modifications (19). Briefly, 24 h after siRNA transfection,
cells were labeled with 50 nCi (1 Ci = 37 GBq) of [**C]thymidine
per ml for 24 h as a control for the total DNA content of different
samples. Sixty to 72 h after transfection, cells were treated with
the indicated MNNG concentration for 1 h and allowed to
recover for indicated times. They were then pulse-labeled with
1 pCi/ml [*H]thymidine for 30 min. Labeled cells were har-
vested, washed twice with PBS, and fixed with 80% ethanol at
—20°C overnight. The fixed cells were then pelleted by centrif-
ugation, washed in 80% ethanol, and pelleted again twice.
Finally, the washed cell pellets were dissolved in 0.5 ml of 0.25
N NaOH solution, and 10 ml of scintillation counting solution
was added for radioactivity counting in a liquid scintillation
counter. DNA synthesis was calculated by using the ratio of
3H/'C. Overlapping 3H and “C emissions were corrected with
quenched *H and #C standards. Three replicas were measured
for each sample to derive the standard deviation.

Transient transfection of GFP-wt-SMC1 or GFP-S966A-
SMCI1 in HeLa cells was carried out with Lipofectamine (In-
vitrogen). Cells overexpressing wild-type or S966A GFP-SMC1
were plated in triplicate at limiting dilutions 30 h after trans-
fection and treated with a range of MNNG 18 h later (48 h after
transfection). After incubation in the presence of MNNG for 1 h,
cells were replaced with fresh medium and recovered for 7 days.
Colonies were then fixed in methanol and stained with Giemsa.
A population of >50 cells was counted as one colony.

Results

ATR Coimmunoprecipitates with MSH2. To identify signaling com-
ponents in the MSH2 pathway, we carried out an IP from HeLa
NE using an anti-MSH2 antibody. An IP using a BRCA2
antibody was used as a negative control. We analyzed the
immunoprecipitates by mass spectrometry (Fig. 14). Besides
MSH6 and MSH3, which are known to be associated with MSH2,
we identified a substoichiometrical component with an apparent
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Fig. 1. MSH2 associates with ATR in Hela NE. (A) The MSH2 complex was

isolated by anti-MSH2 IP and separated on a SDS/PAGE. A parallel IP using a
BRCA2 antibody serves as a negative control. Protein bands stained by Coo-
massie blue were analyzed by mass spectrometry. The sequences of the two
ATR peptides identified are shown. (B) Coimmunoprecipitations of MSH2,
ATR, and ATRIP detected by Western blotting. IPs were carried out in HeLa NE
by using indicated antibodies. Five percent of the total protein used in the IP
was loaded in the input lane.

molecular mass of ~250 kDa as the checkpoint kinase ATR. The
association between ATR and MSH2 was confirmed by recip-
rocal IP detected by Western blotting (Fig. 1B). The recently
identified ATRIP (18), although not detected by mass spectrom-
etry, was also found to be coimmunoprecipitated with MSH2
detected by Western blotting (Fig. 1B). Moreover, mass spec-
trometry analysis of immunoprecipitates of ATR from HeLa NE
also identified ATRIP, MSH2, and MSH6 proteins (data not
shown), consistent with the IP/Western blot results. This sug-
gests that ATRIP in the MSH2 IP is below the detection limit of
Coomassie blue staining because of its lower molecular mass (90
kDa). Elution profiles of MSH2 from ion exchange and gel
filtration columns suggest that MSH2 exists in different com-
plexes in the HeLa NE (data not shown). The small percentage
of MSH2 and ATR that coimmunoprecipitates suggests that only
a small proportion of MSH2 complexes contains ATR.

SMC1 and Chk1 Are Downstream Effectors in the MSH2/ATR Pathway
in Response to MNNG. The association of ATR with MSH2
implicates ATR as a transducer kinase in the MMR protein-
mediated response pathway. SMC1 was recently identified as a
component of the ATM/NBS1 branch of the S-phase checkpoint
pathway in response to IR (20, 21). SMCI1 is phosphorylated at
S966 and S957 by ATM in response to IR. To investigate whether
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Fig. 2. The MSH2/ATR complex is required for MNNG-induced phosphory-

lation of SMC1 and Chk1. (4) In vitro kinase assays of SMC1 by ATR. Transiently
expressed Flag-tagged ATR (wild type or kinase dead) in 293T cells was used
to phosphorylate a GST-SMC1 fragment (amino acids 890-1233). The phos-
phorylation product was immunoblotted with SMC1 $966 phosphospecific
antibody. Equal amounts of GST-SMC1 proteins used in the kinase assays were
monitored by Coomassie blue staining. (B and C) Dependence of SMC1 5966
and Chk1 5317 phosphorylations on MSH2 (B) and ATR (Q) in response to
MNNG. Hela cells transfected with mock (siGFP), siATR, or siMSH2 were
treated with 10 M MNNG for 1 h and harvested at indicated times. Efficiency
of RNA interference was monitored by Western blotting to each protein. (D)
ATR, not ATM, isthe major kinase involved in early response to MNNG-induced
damage. Mock, siRNA to ATM- or ATR-transfected HeLa cells was treated with
10 uM MNNG for 1 h and harvested after 4 h. Cell lysates were analyzed with
indicated antibodies. Chk1 blot also serves as a loading control. (E) Indepen-
dence of SMC1 phosphorylation on ATR and MSH2 in response to yirradiation.
Hela cells transfected with indicated siRNA were treated with 10 Gy of IR and
harvested after 1 h.

SMC1 is a downstream effector in response to DNA methyla-
tion-induced damage, we treated the cells with MNNG. We
found that S966 of SMC1 is phosphorylated in a dosage-
dependent manner in HeLa and primary human fibroblast
IMR90 cells (data not shown). To determine whether ATR
directly phosphorylates SMC1 in vitro, we expressed a fragment
of SMC1 containing the in vivo phosphorylation site (amino
acids 890-1233) as a GST fusion protein. Flag-tagged wild-type
ATR but not the kinase-inactive form of ATR (kd-ATR)
expressed in 293T cells can directly phosphorylate GST-SMC1 at
S966 in an in vitro kinase assay (Fig. 24).

To determine whether MSH2 and ATR are required in
signaling MNNG-induced damage, we used siRNA to inhibit
their expression (16). Transfections of siMSH2 effectively
reduced MSH2 protein level and led to defective phosphory-
lation of both SMC1 at S966 and Chk1 at S317 in response to
10 uM MNNG treatment (Fig. 2B). Similarly, phosphorylation
of SMC1 at S966 and Chk1 at S317 were largely abolished in
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cells depleted of ATR (Fig. 2C), consistent with its role as a
checkpoint kinase. These results demonstrate that MSH2 and
the ATR kinase function upstream in response to MNNG that
leads to phosphorylation of SMC1 and Chk1. Defective phop-
shorylation of SMC1 and Chkl was also observed in the
MSHG6-deficient MT1 cell line when compared with the pa-
rental TK6 cell line (data not shown), suggesting that a
functional MSH2/MSH6 complex is required for SMC1 and
Chk1 phosphorylation.

ATM and ATR are the central checkpoint kinases in signaling
DNA damage, and they play distinct yet sometimes overlapping
roles in signaling different damages (22). To differentiate the
role of ATM plays from ATR in signaling MNNG-induced
damage, we compared phosphorylation of checkpoint effectors
in HeLa cells transfected with siATM or siATR 4 h after 10 uM
MNNG treatment. Phosphorylation of SMC1 and Chk1 remains
largely intact in cells lacking ATM and is more defective in cells
transfected with siATR (Fig. 2D). HeLa cells transfected with
siATM under the same conditions are defective in activation of
S-phase checkpoint in response to 10 Gy of IR (data not shown),
confirming that the ATM function has been compromised by
siRNA transfection. Therefore, we conclude that ATR is the
major kinase responsible for checkpoint activation in response to
MNNG-induced damage.

Because the MSH2/MSH6 heterodimer is a lesion-specific
factor that binds DNA mismatches and a variety of modified
DNA structures including those caused by MNNG, it has been
proposed as a putative damage sensor in the MMR pathway (7,
13). To test whether MSH2 and ATR function in a lesion-specific
manner for SMC1 phosphorylation, we examined their roles in
response to IR. In contrast to the requirement of MSH2 and
ATR in MNNG-induced damage, phosphorylation of SMC1 in
response to 10 Gy of IR is normal in siMSH2- or siATR-
transfected cells (Fig. 2E). Thus, the MSH2/ATR pathway is
required to phosphorylate SMC1 specifically in response to
damage induced by DNA methylation but not for double-
stranded break caused by IR.

Interaction of MSH2 or MSH6 with ATR and SMC1. To understand the
mechanism of MSH2/MSH6-dependent phosphorylation of
SMC1 by ATR, we tested whether ATR and SMC1 interact
directly with MSH2 or MSH6. Recombinant MSH2 and MSH6
were expressed in insect cells and purified by IP by using
anti-MSH2 or MSH6 antibodies. Flag-ATR was expressed in
239T cells, purified with Flag beads, and eluted with the Flag
peptide. As shown in Fig. 34, MSH2 is able to pull down purified
ATR in vitro, suggesting that they may interact directly. When
the same amount of protein A-bound MSH2 or MSH6 was mixed
with in vitro translated SMC1, more SMC1 was brought down by
MSH6 than by MSH2. This suggests that MSH6 may interact
directly with SMCI1.

The MMR-deficient cell line MT1 was isolated from TK6 by
its resistance to killing by MNNG. MT1 expresses a lower level
of a mutant MSH6 than TK6 does. To determine whether
MSHG6 is required for MSH2/ATR association in vivo, we
compared the coimmunoprecipitation of MSH2/ATR in TK6
and MT1 cells. We found that the MSH2/ATR association in
MT1 cells appeared to be intact compared with that in the
parental TK6 cells (Fig. 3B). The slightly lower amount of
coprecipitated ATR in MT1 cells is likely a result of a lower
level of MSH2 in the anti-MSH2 IP from MT1. The above
result is in agreement with the in vitro binding results, sug-
gesting that the MSH2 may directly interact with ATR in vivo.

Phosphorylation of SMC1 Does Not Depend on Rad17or RPA. The
replication factor C-like checkpoint protein Rad17 has been well
established as an upstream element in the DNA damage re-
sponse (2). To test whether phosphorylation of SMC1 and Chk1
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Fig. 3. Interaction of MSH2 or MSH6 with ATR and SMC1. (A) /n vitro
interactions of MSH2 or MSH6 with ATR and SMC1, respectively. Affinity-
purified human MSH2 and MSH6 from sf9 cells were incubated with
purified Flag-ATR or 3%S-labeled, in vitro translated SMC1. An unrelated
antibody incubated with sf9 cell lysate was used as a control. Coomassie
blue staining of the membrane after Western blotting shows that human
MSH2 and MSH6 used in the binding reactions do not copurify with the
insect MSH6 or MSH2. (B) MSH6-independent association of MSH2 and ATR.
IPs were carried out in NE prepared from lymphoblastoid cell line TK6,
which expresses wild-type MSH6, and MT1, which expresses a low level of
a mutant form of MSH6.

requires Rad17, we depleted Rad17 by small RNA interference.
Surprisingly, phosphorylation of SMC1 remains largely unaf-
fected in the absence of Rad17 (Fig. 44). In contrast, phosphor-
ylation of Chkl is greatly reduced, as expected. Thus, SMC1 as
an ATR substrate can be phosphorylated through a mechanism
that is distinct from the Rad17-mediated signaling pathway.

RPA has been shown recently to activate ATR by recruiting
the ATRIP to the damaged sites (4). Likewise, we found that
RPA is required for the phopshorylation of Chk1 but not for the
phosphorylation of SMC1 (Fig. 4B). Taken together, these data
suggest that, while MSH2 and ATR are required for the MNNG-
induced response, the pathway leading to phosphorylation of
SMC1 is distinct from that mediated by Rad17 and RPA. Thus,
the SMC1 pathway seems to branch out from that mediated by
the checkpoint protein Rad17 and RPA.

MSH2 and Rad17 Both Are Required for Inhibition of DNA Synthesis,
and Phosphorylation of SMC1 Is Important for Cellular Survival in
Response to MNNG. In response to DNA damage, eukaryotic
cells activate the S-phase checkpoint to slow down DNA
synthesis. To investigate whether MSH2 and Rad17 are re-
quired for S-phase checkpoint activation in response to
MNNG, we monitored DNA synthesis in HeLa cells trans-
fected with siMSH?2, siRad17, or a control siRNA through a 6-h
time course after 10 uM MNNG treatment. Similar to slowed
DNA synthesis in response to IR, DNA synthesis measured by
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Fig. 4. Rad17 and RPA are not required for the phosphorylation of SMC1.
Shown is MNNG-induced phosphorylation of SMC1 and Chk1 in the absence of
Rad17 (A) or RPA (B). Hela cells transfected with indicated siRNAs were
treated with 10 uM MNNG for 1 h and harvested at indicated times. Lysates
were analyzed with indicated antibodies.

thymidine incorporation in control siRNA-transfected cells
was reduced to 20% of that in cycling cells 3 h after MNNG
treatment and was 25% at 6 h. Such slowing down of DNA
synthesis is characteristic of the activation of the S-phase
checkpoint (Fig. 54). In contrast, cells transfected with
siMSH2 or siRad17 consistently exhibit a higher level of DNA
synthesis after MNNG treatment, indicating that the ability to
inhibit DNA synthesis is compromised. We therefore conclude
that inactivation of MSH2 or Rad17 leads to defective inhi-
bition of DNA synthesis in response to MNNG.

To determine the long-term effect of damage-induced SMC1
phosphorylation, we evaluated the clonogenic survival of HeLa
cells transiently transfected with a wild-type SMC1 or a phos-
phorylation site mutant of SMC1 after MNNG treatment. HeLa
cells expressing S966A of SMC1 (Ser-966 is mutated to Ala-966)
display increased sensitivity to MNNG-induced killing compared
with those transfected with the wild-type SMC1 (Fig. 5B),
suggesting that phosphorylation of SMC1 is important for
cellular survival. This finding is consistent with the previous
report that SMC1 phosphorylation is important for cellular
survival in response to IR (21).

Discussion

The MSH2/ATR Signaling Module. In this study, we show that the
MSH2 protein physically interacts with ATR to form a sig-
naling module. They are required for the phosphorylation of
SMC1 and Chkl. This MSH2-dependent response is lesion-
specific, because it responds primarily to MNNG, not IR. The
MMR proteins have been implicated as upstream elements in
response to MNNG- and cisplatin-induced damage. Our find-
ings further strengthen this notion and establish that ATR is
the transducer kinase that participates in the MSH2-
dependent DNA damage response pathway. The MSH2/ATR
signaling module is analogous to the established signaling
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Fig. 5. (A) Both MSH2 and Rad17 are required for activation of MNNG-
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A schematic model of MNNG-induced DNA damage response. Upon expo-
sure to MNNG, binding of the MSH2/MSH6 heterodimer to O5-methyl-G-C
activates the checkpoint kinase ATR, leading to the phosphorylation of
SMC1 and Chk1. The RPA is also required to recruit the ATR/ATRIP complex
to the damaged sites, possibly through binding to MMR intermediates,
resulting in Rad17-dependent phosphorylation of Chk1. However, SMC1
can be phosphorylated independent of RPA and Rad17, suggesting the
existence of a response pathway through direct interaction between ATR/
MSH2 and MSH6/SMC1.
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module of the double-stranded break repair complex Mrell/
Rad50/NBS1 (M/R/N) with ATM, which responds primarily
to double-stranded break (23-25). Such arrangement is in-
triguing, in that the repair proteins physically associate with
transducer kinases constitutively. Because the M/R/N com-
plex binds double-stranded break and MSH2/MSHE6 binds the
O%-methyl-G-C generated by MNNG, the physical association
of these repair proteins with transducer kinases puts them in
close proximity for the possibility of direct damage signaling.

Two Branches of the Damage Response That Are Regulated by MSH2
and ATR. The participation of Rad17 and RPA as upstream
elements for the phopshorylation of Chkl in the response to
MNNG is expected. It is surprising that they are not required for
the phosphorylation of SMC1. Although we cannot rule out the
possibility that SMC1 lies upstream of Radl7, the current
understanding of the mechanism by which Rad17 is recruited to
the damaged sites suggests that the pathway that governs SMC1
phosphorylation is likely branched out from the well established
checkpoint pathway that is mediated by Rad17 and RPA (Fig.
5C). Similar dependence of SMC1 phosphorylation in response
to IR was also observed, in which SMC1 phosphorylation
depends on the repair protein NBS1 (20, 21) but not the
checkpoint protein Rad17 (26).

Although both SMC1 and Chk1 are bone fide ATR substrates,
the molecular mechanism by which they are phosphorylated can
be different. On the SMC1 branch, the phosphorylation of SMC1
by ATR may be through a mechanism of direct damage signaling.
Given that MSH2 /MSHS6 heterodimer is able to recognize DNA
lesions directly, the MSH2/ATR association suggests that ATR
kinase can be activated at the site of damaged DNA, leading to
SMC1 phopshorylation. The in vitro binding of MSH6 with
SMC1 raised the possibility that the MSH6 may function as an
“adaptor.” This is also consistent with the requirement for a
functional MSH6 in the MT1 cell line for SMC1 phopshorylation
but not for the MSH2/ATR association.

On the Chk1 branch, phosphorylation of Chkl by ATR may
be through an indict mechanism of damage recognition. The
requirement for RPA suggests that ssDNA is generated either as
a direct result of MNNG damage or, more likely, as a repair
intermediate that is processed by the MMR system. Thus,
ATR/ATRIP is loaded by RPA-ssDNA, which in turn phos-
phorylates Chkl in a Rad17-dependent manner. It is possible
that the pool of ATR that phosphorylates Chk1 is different from
the pool of ATR that phosphorylates SMC1. The former does
not need to associate with MSH2, but the latter does, consistent
with our finding that only a small percentage of ATR associates
with MSH2 in the cell.

The existence of two branches in damage response to
MNNG that are governed by MSH2 suggests that the MMR
proteins may be involved in two aspects of damage signaling.
(i) They generate repair intermediates during MMR, which are
recognized by the checkpoint proteins, leading to activation of
the Chkl branch. (i) They signal damage directly to phos-
phorylate a unique set of substrates, including SMCI1, thus are
directly involved in checkpoint signaling. A reconstituted in
vitro system to demonstrate directly the MMR protein-
dependent activation of the ATR kinase to phosphorylate
SMC1 remains to be established.

SMC1 Phosphorylation Is Important for Cellular Survival. Consistent
with its role for survival in response to IR (21), we show here
that phosphorylation of SMC1 is also involved in the modu-
lation of cellular sensitivity to MNNG damage. In Schizosac-
charomyces pombe, phosphorylation of Chk1 is also important
for cellular survival in response to UV damage (27). Thus, the
ATR-dependent pathways are important for cellular survival
in response to DNA damage. Paradoxically, a hallmark of
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‘MMR-deficient cells is their resistance to killing by DNA-

alkylating agents, including MNNG. Clearly, the inability to
phosphorylate SMC1 or Chk1 in MMR-deficient cells is not
the cause for such MNNG resistance. Because the MMR
proteins function upstream in the DNA damage response, they
must also signal to other pathways, which may include the
apoptotic pathway, whose components remain to be identified.
Elucidation of components in this pathway will provide in-
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The candidate tumor suppressor INGI was identified
in a genetic screen aimed at isolation of human genes
whose expression is suppressed in cancer cells. It may
function as a negative growth regulator in the p53 signal
transduction pathway. However, its molecular mecha-
nism is not clear. The INGI locus encodes alternative
transcripts of p47/VG1e p33INGIb and p24V61c, Here we
report differential association of protein products of
ING1 with the mSin3 transcriptional corepressor com-
plex. p33™C¢ agsociates with Sin3, SAP30, HDACI,
RbAp48, and other proteins, to form large protein com-
plexes, whereas p24™%%¢ does not. The ING1 immune
complexes are active in deacetylating core histones in
vitro, and p33™C¢% s functionally associated with
HDACI1-mediated transcriptional repression in trans-
fected cells, Our data provide basis for a p33™V¢%_gpe-
cific molecular mechanism for the function of the INGI
locus.

Local acetylation and deacetylation of core histones play an
important role in the control of eukaryotic gene expression
(1,2). Hyperacetylation of histones increases local accessibility
of chromatin templates, enabling subsequent activation or
repression of transcription by gene-specific factors, while
deacetylation is frequently linked with chromatin condensation
and gene silencing. Most histone acetyltransferases and his-
tone deacetylases (HDACs)! are enzymes that do not bind DNA
directly; instead, they are recruited to chromatin through as-
sociation with distinct proteins in multiprotein complexes (3).
One of the conserved proteins that serve as an organizer for the
assembly of histone deacetylases with multiple polypeptides in
yeast and mammalian cells is Sin3 (4-7). A biochemically
purified mammalian Sin3 complex includes HDAC1 and
HDAC2, RbAp48 and RbAp46, SAP30, and SAP18 (6—8). The
abundance and relative stability of both Sin3 and HDAC1
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proteins have led to the proposal that the “core” Sin3 repressor
complexes are pre-assembled and available for recruitment by
transient association with gene-specific transcription factors,
including Mad, MeCP2, Ikaros, p53, PLZF, nuclear hormone
receptors, and yeast Ume6 whose abundance and activities are
regulated (3).

The ING1 (inhibitor of growth 1) gene was recently identified
as a candidate tumor suppressor in a genetic screen aimed at
isolation of human genes whose expression is suppressed in
cancer cells (9). The INGI gene was localized to chromosome
13q33-34 (10,11), a region that has been implicated in the
progression of various tumors (12). Deregulated expression and
mutations of INGI gene were found in breast carcinomas (11)
and in squamous cell carcinomas (13), respectively. Ectopic
expression of the originally isolated INGI ¢DNA or suppression
of the INGI gene expression by antisense RNA demonstrated
that ING1 is a negative regulator of cell proliferation involved
in the p53 growth regulatory pathway (9,14).

It has been subsequently found that the INGI gene encodes
several differentially initiated and spliced mRNAs, which have
common 3’ exon and encode at least two distinct proteins in
mouse (15), and possibly three distinct proteins in human cells
(p47NGla p33INGIb qnd p24INGIc) (13,16,17). All the known or
anticipated ING1 protein isoforms share an identical C-termi-
nal domain with a conserved PHD finger motif. The PHD finger
motif was thought to facilitate DNA binding of proteins other-
wise unrelated to ING1 (18), suggesting that ING1 proteins
might directly interact with DNA. Significantly, missense mu-
tations were detected within the PHD finger and the nuclear
localization motif of ING1 in some head and neck squamous cell
carcinomas with allelic loss at the 13q33-34 region, suggesting
that the PHD finger and the nuclear function of ING1 is im-
portant for its tumor suppressor function (13).

All functional analysis of the biological effects of ectopically
expressed ING1 was so far done only with the cDNA encoding
p24/VG2¢ due to the lack of information on the alternative forms
of ING1. Owing to a cloning error, the cDNA that suppressed
cell growth was incorrectly termed p33"Y6! in the original
studies (9,14). One candidate mechanism that was proposed to
be responsible for the growth suppressor function of the ING1
locus is cooperation with the p53 tumor suppressor (14). Nei-
ther p53 nor ING1 can cause growth inhibition when the other
one is suppressed, and the p24™&%¢ expression has been shown
to be required for transcriptional activation of the p21WAF!
promoter, a key mechanism of p53-mediated growth control.
Recent analysis of mouse INGI gene structure and function

This paper is available on line at http://www.jbc.org
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suggests that the shortest of ING1 protein isoforms, the mouse
equivalent of human p24"™V¢%¢, is required for the activation of
pb53-responsive genes. In contrast, overexpression of the longer
form p37"N6!, an equivalent of the human p33™7V¢?® protein,
interferes with the activation of p53-dependent promoters
when p53 is stabilized after DNA damage (15). It appears that
isoforms of ING1 protein may have different roles in growth
control and that their unique N-terminal sequences may deter-
mine differences in their function.

In a search for mechanisms of function of the ING1 protein,
we explored ING1 associated proteins in human cells. We found
differential association of p33/V¢% and p24'V¢’¢ with nuclear
proteins. p33™VG?® resides in a complex of ~1-2 MDa, whereas
p24'NC¢2 does not. Among p337NG'2 associated proteins are
known components of the mSin3 transcriptional corepressor
complex, including HDAC1. Consistently, p33”Y67?? is function-
ally associated with HDAC-dependent transcriptional repres-
sion, in reporter gene expression assays in vivo, and in histone
deacetylation assays in vitro. We demonstrate that the mSin3-
mediated HDACI1-dependent transcriptional repression re-
quires the unique N-terminal 99-amino acid sequence charac-
teristic of the p33™NG2® protein, therefore defining a new,
p33™VG2b_gpecific mechanism for the function of the ING1 locus.

EXPERIMENTAL PROCEDURES

Antibodies—Rabbit anti-ING1 antibodies were generated using re-
combinant His-epitope-tagged human p33™V¢?® protein prepared from
Escherichia coli. Goat anti-ING1 antibodies were from Santa Cruz
(sc-7566). Mouse monoclonal anti-RbAp48 antibodies were from Gene-
Tex (MS-RBP14-PX1), and rabbit anti-Sin3A antibodies were from
Santa Cruz (sc-767). Rabbit anti-HDAC1 and anti-SAP30 antibodies
were generous gifts of Dr. Glen Humphrey and Dr. Robert Eisenman,
respectively. Anti-FLAG M2-agarose affinity gel was from Sigma
(A-1205).

Purification of the p33™¢!® Complexes—The FLAG epitope-tagged
p33™G1 ysed for mammalian expression were constructed by subclon-
ing the full-length ¢cDNA with the tagged sequence into the pCIN4
vector (19). H1299 cells (1 X 10°) were transfected by calcium phos-
phate precipitation on a 10-cm plate essentially as previously described
with minor modifications. Five ug of pCIN4-Flag-ING1 expression plas-
mid with 15 ug of carrier DNA (pGEM-3) were used for transfections on
each plate. Thirty hours after transfection, the cells were transferred to
the same Dulbecco’s modified Eagle’s medium containing 1000 pg/ml
G418 (Life Technologies, Inc.) for selection. After 2 months’ selection,
single colonies were picked and expanded for Western blot analysis.

The tagged cells were grown in Dulbecco’s modified Eagle’s medium
with 10% fetal bovine serum and 1000 ug/ml G418, and nuclear extracts
were prepared as described previously. Forty milliliters of the nuclear
extract prepared from different cell lines was adjusted to 200 mm NaCl
and 0.2% Nonidet P-40 by addition of 5 M NaCl and 10% Nonidet P-40,
and incubated with 300 ul of M2-agrose beads (Sigma) at 4 °C for 10 h
by rotation. After five washes with BC200 with 0.2% Nonidet P-40,
proteins were eluted from beads by incubation at 4 °C for 30 min with
300 ul of BC100 with 0.2% Nonidet P-40 plus 0.2 mg/m] FLAG peptide.

Large scale immunoprecipitation for mass spectrometric analysis
was carried out with 10 mg of crude or fractionated nuclear extracts and
100 pg of affinity-purified rabbit anti-ING1 antibodies, with an excess
of the purified p33™¢”® antigen as a negative control. Immune com-
plexes were isolated by binding to 100 pl of Sepharose-Protein A beads,
washed five times with 100 volumes of NETN buffer, eluted, and sep-
arated by SDS-PAGE.

Identification of Proteins with Mass Spectrometry—Protein sequenc-
ing using mass spectrometry was carried out as described (20). Tryptic
peptides that were recovered from in-gel digested protein bands were
analyzed using an electrospray ion trap mass spectrometer (LCQ,
Finnigan MAT, San Jose, CA) coupled on-line with a capillary high
performance liquid chromatography (Magic 2002, Michrom BioRe-
sources, Auburn, CA). Data derived from the mass spectrometry/mass
spectrometry spectra were used to search a compiled protein data base
that was composed of the protein data base NR and a six-reading frame
translated expressed sequence tag data base to identify the protein
using the program PROWL, which is publicly available on the World
Wide Web.

Immunoprecipitation and Immunoblotting—Immunoprecipitations
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were done by incubating 1 mg of HeLa nuclear protein extracts pre-
pared according to the Dignam method, with 5-10 ug of the appropriate
antibodies for 2h at 4 °C, followed by isolation of the immune complexes
on Protein A beads (Amersham Pharmacia Biotech.). Immune com-
plexes were washed three times with 1 m]l of NETN buffer (50 mM Tris,
pH 7.5, 100 mM NaCl, 1 mm EDTA, 0.5% Nonidet P-40, 0.5 mMm dithio-
threitol) prior to SDS-PAGE and immunoblotting. Immunoblottings
were done after low voltage protein transfer (30 V, 12 h) from polyacryl-
amide gels to nitrocellulose in Tris-glycine buffer, pH 8.0, with 5%
methanol. Membranes were blocked with 5% milk in Tris-buffered
saline with Tween 20 buffer (100 mMm Tris, pH 8.0, 150 mm NaCl, 0.05%
Tween 20), incubated with 1:200-1:1000 dilution of the primary anti-
bodies for 1 h at room temperature, washed, and incubated with
1:25000 dilution of horseradish peroxidase-conjugated secondary anti-
bodies. Antibody detection was with ECL (Amersham Pharmacia Bio-
tech), using horseradish peroxidase-conjugated antibodies from Santa
Cruz.

Histone Deacetylase Assays—Histone deacetylase activity was meas-
ured using acid-soluble histones that were isolated from [*H]acetate-
labeled HeLa cells, by a published procedure (21, 22). Immune com-
plexes were incubated for 3 h at 37 °C with 40,000 cpm of 3H-labeled
histones (~2000 cpm/p.g) in a total volume of 200 ul of HD buffer (25 mm
Tris, pH 7.5, 100 mm NaCl, 2.5% glycerol). Reactions were stopped by
addition of 50 ul of STOP buffer (1 M HC], 0.16 M acetic acid), extracted
with two volumes of ethyl acetate, and the supernatant was counted in
a scintillation counter. Assays were carried out with or without 10 mm
sodium butyrate, as indicated in the figure legends.

Transcriptional Repression Assays—NIH3T3 cells (1 X 10° were
transfected using Lipofect AMINE Plus (Life Technologies, Inc.) with a
combination of 1 pg of luciferase reporter plasmids 2Py-Luc or 6AP-Luc
and 100 ng of the LacZ reporter construct (pCMV-LacZ) to normalize
transfection efficiency. One hundred ng of ras expression vector (v-Ha-
ras ¢cDNA cloned in pLXSN vector under the control of the LTR pro-
moter) and 50 ng of each of the test expression vectors FNE2DBD,
pCINE2DBD:En, FN-IINGE2DBD, and FN-sINGE2DBD (shown in
Fig. 4A as 1, 2, 3, and 4, respectively) were cotransfected with the
reporter plasmids. Cells were harvested for luciferase and g-galactosid-
ase assays 40 h after transfection. The luceferase and B-galactosidase
enzyme activities from the extracts of transfected NIH3T3 cells were
measured according the Promega protocols.

Polymerase chain reaction-derived DNA fragments encoding either
human p33N%? or p24VC! were fused individually to the N terminus of
the GAL4 DNA-binding domain (amino acids 1-94), 293T cells (1 X 10,
in 2.5-cm plate), were transiently cotransfected using GenePORTER
(Gene Therapy Systems) with 0.5 pg of appropriate pING1-GAL4 ex-
pression vector and 1.5 pg of reporter plasmid. The reporter plasmid
carried secreted alkaline phosphatase (SEAP) gene under the control of
the constitutively active SV40 early promoter with five Gal4 binding
sites. Twenty-four hours after transfection, cells were incubated with 50
ng/ml trichostatin A (TSA), where indicated, and 12 h later cells were
harvested and assayed. Expression of the GAL4 fusion proteins was
determined by Western blotting with the anti-Gal4 antibody.

RESULTS

p33MCGIb Associates with Known Components of the mSin3
Corepressor Complex—To acquire an insight to mechanisms of
ING1 function, we sought to isolate ING1-associated proteins
in human cells. We fractionated HeLa nuclear extracted on a
DEAE column and immunoprecipitated the endogenous ING1
protein from the 0.2 M KCl fraction, which contains most of the
cellular p33™¢? protein. We used mass spectrometry to iden-
tify RBP1, Sin3, and HDAC]1 along others as ING1-associated
proteins (Fig. 1A.). To facilitate protein purification and to
alleviate the interference of the antibody, we created an H1299-
derived cell line, which stably expressed a FLAG epitope-
tagged p33VG7% (19). The FLAG-p33™VG? was overexpressed
by 5-10-fold compared with the endogenous p33¥¢?% protein
by Western. The recombinant FLAG-p33"VG?® protein complex
was isolated from nuclear extracts prepared from the stable
line using affinity chromatography. Colloidal Coomassie Blue
staining of a SDS-PAGE gel containing the p337¥6?® complex
revealed that ~10 polypeptides specifically copurify with the
FLAG-p38'NG?® on the affinity column (Fig. 1B). More bands
that were masked by antibody are clearly detected in the
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Fic. 1. Purification and identification of the FLAG-p33V¢®
complex. A, the endogenous ING1 complex in HeLa cells was purified
by large scale immunoprecipitation (IP) from 0.2 M KCl fraction of the
DEAE column and resolved on 4-20% gradient SDS-PAGE gel. B, the
FLAG epitope-tagged p33"™V6'* was purified from nuclear extracts pre-
pared from H1299 cells that stably expressed the FLAG-p33/¥G® pro-
tein. As a control, a mock purification was performed from nuclear
extracts prepared from the parental H1299 cells. The FLAG-peptide
elutes were separated by 10% SDS-PAGE, visualized by staining gels
with colloidal Coomassie Blue, and identified by capillary liquid chro-
matography electrospray ion trap mass spectrometry. p42 and p35 are
two novel proteins that are identified from the expressed sequence tag
data base.

recombinant complex.

We identified proteins that copurified with p33"V6?? in the
recombinant p337¢?® complexes using capillary liquid chro-
matography ion trap mass spectrometry (20). Mass spectromet-
ric analysis of the p33™¥G?® complexes identified the mSin3
corepressor and the HDAC1/2 histone deacetylases, as well as
RbAp48, RbAp46, and SAP30. These proteins are components
of a biochemically purified mSin3 complex (6—8). We also iden-
tified RBP1 (23) and two novel proteins, p42 and p35, which
were not reported as components of the mSin3 complex.
RbAp48, RbAp46, SAP30, and p42 were masked by antibody in
the endogenous ING1 complex. These data demonstrate that
p33™NVG1® is 3 component of a Sin3 containing histone deacety-
lase complex, thus suggesting a role for p33"V67® in transcrip-
tional repression.

We confirmed the association of Sin3 and HDAC1 with
p33NG15 by reciprocal immunoblotting of the endogenous
p337NG1 HDACI, and Sin3 immune complexes from HeLa
cells (Fig. 2A). Although the polyclonal rabbit antibodies that
we used in these experiments reacted with both p33™V¢2% and
p24V62e proteins (Fig. 24, lane 3), due to their identical C-
terminal end, only p33"V¢® was detected in the Sin3 and
HDAC1 immune complexes (Fig. 24, lines 1 and 2). Pre-incu-
bation of the anti-ING1 antibodies with an excess of purified
recombinant His-tagged p33”V¢?® protein prevented precipita-
tion of the endogenous p33™VC¢7® and p24™VG?¢ 55 well as Sin3A
and HDACI (Fig. 2B), demonstrating specificity of the observed
associations. Approximately the same amounts of Sin3A, the
Sin3A-directly associated protein SAP30 (7) and p33™VG2® were
present in either Sin3A or ING1 immune complexes of the
endogenous proteins, suggesting that p33™¢?® is a stoichio-
metric component of the Sin3A/SAP30 complex in vivo. More-
over, both p33™V67% and Sin3A immune complexes had similar
amounts of histone deacetylase HDAC1 and the histone H4-
binding protein RbAp48. Gel filtration analysis of partially
purified p33"Y6! complexes demonstrated that p337VGZe,
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Fic. 2. Endogenous p332¥67® in HeLa cells associate with Sin3
complexes that contain active HDACI. A, coimmunoprecipitation of
p33’VG!b with mSin3 complexes. Immunoprecipitations (IP) were per-
formed with 1 mg of HeLa nuclear protein extracts and 2-10 pg of
rabbit anti-Sin3A (lane 1), rabbit anti-HDACL (lane 2), rabbit anti-
p33™NG2t (Jgne 3), or rabbit pre-immune (lane 4) antibodies. The amount
of individual antibodies was adjusted to obtain approximately the same
amount of p33™¢? in all immune complexes. B, competition of the
purified recombinant His-epitope tagged p33™¥6%® protein with p33/vé1b
complexes from HeLa extracts. Immunoprecipitations were done as
above, except that the anti-p33™¥¢?® antibodies were pre-incubated with
an excess of the purified recombinant His epitope-tagged p33'¥9*® pro-
tein. C, coelution of p33™V¢’® with mSin3 complexes in gel filtration
analysis. Partially purified HeLa nuclear protein extracts (0.2 mg, 300
mM KCl elution from CM Sepharose) were separated by gel filtration on
Superose 6 PC3.2/30 column, in a buffer with 50 mm Tris, pH 7.5, 200
mM KCl, and 0.5 mM dithiothreitol. Proteins from the gel filtration
fractions were precipitated with 10% trichloroacetic acid, separated by
SDS-PAGE, and analyzed by immunoblotting, as indicated. D, histone
deacetylase activity associated with HDAC1 and ING1 immune com-
plexes in vitro. HDAC1 immune complexes used in histone deacetyla-
tion assays (bars 1-3) were identical with those shown in A (lane 2) and
served as a reference. The ING11 immune complexes (bars 4 and 5)
used in deacetylation assays were isolated with 100 ug of anti-ING1
antibodies, which is 10-fold more than what was used in A (lane 3), to
obtain comparable amounts of HDAC1 to those present in HDAC1
immune complexes. Control reactions were done with 10 ug (bar 6) and
100 pg (bar 7) of pre-immune rabbit serum, or with HDAC1 (bar 3) and
ING1 (bar 5) immune complexes that were pre-incubated with 10 mum
sodium butyrate. Bar I indicates level of nonenzymatic [*H]acetyl re-
lease observed in HDAC1 immune complexes incubated at 0 °C.
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Fic. 3. Effects of overproduction of p24™¥¢¢ on protein com-
plex assembly. A, quantitative Western blotting of ING1 proteins in
cell lines. Different amounts of the ING1 proteins were immunoblotted
with anti-ING1 antibody from nuclear extracts prepared from parental
(lanes 1-3), stable HT1080 cells, that overexpress p24’¢’ (lanes 4-6)
and p33™S1® (lanes 7-9) as well as in HeLa cells. B, overproduction of
Pp24NC2e Joes not drive p24’V¢¥¢ agsembly. Nuclear extracts prepared
from HT1080 cells that overexpress p24'V'c were analyzed by gel
filtration on a Superose 6 column. The ING1 proteins were detected.
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Sin3A, HDACI1, and RbAp48 proteins coelute in complexes of
an apparent size of 1-2 MDa (Fig. 2C), as reported previously
for the Sin3 complex (6). It is not clear whether the previously
biochemically purified mSin3 complex is a stable subcomplex of
this larger p33™¢!® complex. It is possible that extensive col-
umn fraction may disrupt weaker associations to yield the
stable core mSin3 complex.

To establish that p337YGI% associates with functional
HDAC1, we prepared the endogenous ING1 immune complexes
from HeLa cells, as presented on Fig. 24, and assayed them for
histone deacetylase activity. We found that ING1 complexes
were active in deacetylating *H-labeled histones in vitro, and
this activity was comparable with the activity of HDAC1 im-
mune complexes when assays were performed with similar
HDAC1 amounts (Fig. 2D, bars 2 and 4). Addition of 10 mm
sodium butyrate, an inhibitor of histone deacetylase activity
(24), inhibited the reaction in both HDAC1 and ING1 immune
complexes to the level of nonenzymatic [*H]acetyl release (Fig.
2D, bars 3 and 5, compare with bar 1). In contrast, the control
immunoprecipitates with various amounts of rabbit preim-
mune serum alone did not catalyze histone deacetylation (Fig.
2D, bars 6 and 7). Therefore, p337VG?® associates with enzy-
matically active HDAC1 complexes, suggesting that p33/NG?®
may act with Sin3 to mediate transcriptional repression by a
mechanism that involves targeted recruitment of histone-mod-
ifying activity.

The Association with Sin3 Complexes Is Specific to the
p33™NCG1 Isoform and Is Defined by Its Unique N-terminal
Sequence—Our analysis of endogenous proteins from HeLa
cells suggest that, although we can detect and immunoprecipi-
tate both p33'V¢?® and p24™V6% igoforms, only p33/NG16 ggs0-
ciates with Sin3/HDAC1 complexes (Fig. 2). p24™v¢¢ is identi-
cal to p33/NG!® except for lacking the N-terminal 99 amino
acids that are characteristic of the p33*¥¢?® isoform (16), sug-
gesting that the N-terminal fragment of p33™V67?® controls its
assembly with the Sin3 complex. However, p24'V¢%¢ appears to
be less abundant than p33™V67? in a variety of cell lines that we
tested, and immunodetection of the endogenous p24™VGZ¢ in
protein extracts was generally poorer or negative (Figs. 24,
lane 5 and 3A), unless the extracts were enriched in p24/vGZ¢
by partial purification (Fig. 2C).

To eliminate the possibility that lower abundance of the
p24/NG2e protein rather than its different protein structure is
responsible for the observed differences in the assembly pat-
tern, we analyzed p24"VG¢ assembly under the condition of its
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overexpression, using stably transfected HT1080 fibroblasts
(14). Quantitative Western blot analysis of nuclear extracts
prepared from the transfected and untransfected HT1080 cells
demonstrates that the recombinant p24™¢%¢ was at least as
abundant as the endogenous p33™VG6?® (Fig. 34, compare lanes
4-6 with lanes 1-3). However, overproduction did not force
p24'NCe ggsembly into large protein complexes (Fig. 3B). Iden-
tical results were also obtained from stably transfected MCF7
cells. Therefore, the association with Sin3 complexes is specific
to the p337Y6?% jsoform and is defined by its unique N-terminal
sequence.

p33™CG18 Is Functionally Associated with HDAC1-dependent
Transcriptional Repression in Vivo—We used one reporter sys-
tem to test whether p33™VG?® ig functionally associated with
transcriptional repression in vivo. In this system, the DNA
binding domain (DBD) of the transcription factor Ets2 is fused
with the mouse p37"¥¢? and p26™%!, which are human homo-
logues of p33'VG1® and p24/NGIc respectively. The structures of
expression constructs are shown schematically in Fig. 44. A
previously described fusion protein containing Ets2 DBD and
the repressor domain of the Engrailed protein of Drosophila
melanogaster was used as a positive control (construct 2 in Fig.
4A) (25, 26). The reporter plasmid contains the luciferase gene
under the control of the minimal promoter of the ras-responsive
c-fos gene and oncogene regulatory elements as described pre-
viously (27) (Fig. 4B). The reporter (2Py-luc) contains a tandem
repeat of a combination of Ets and Apl binding sites from the
enhancer of polyoma virus. The 6AP-Luc reporter plasmid con-
taining six tandem AP-1 binding sites was used as a control.
Both reporters are ras-responsive if cotransfected with ras-
expressing plasmid into NIH 3T3 cells, but 6AP-Luc is insen-
sitive to Ets. Expression plasmids were coexpressed in NIH3T3
cells with activated ras, serving as an activator of Ets-directed
transcriptional activation of reporter constructs. Protein levels
of the chimeric proteins were normalized using a LacZ gene
reporter. The results of luciferase assays are shown in Fig. 4 (C
and D). The long form of ING1 fused with Ets2 DBD works as
a potent repressor similar to the positive control of the En-
grailed repressor domain fused to Ets2 DBD (lanes 5 and 4). In
contrast, the short form of ING1 exhibits a moderate repression
(lane 6), which is similar to that of the Ets2 DBD alone (lane 3).
This moderate repression may be due to competition with the
endogenous Ets2 protein. Both ING1 fusion proteins and Ets2
DBD are similarly active in gel mobility shift assays with the
oligonucleotide corresponding to the Ets2 DNA binding site
(data not shown). The repressor effect is specific to Ets2 since
none of the plasmids tested show any effect on the control
reporter construct (6AP-luc) lacking Ets2-binding sequences
(Fig. 4D).

We obtained similar results using another reporter system,
in which the activity of SEAP was used as a reporter of tran-
scription from a constitutively active SV40 promoter that was
cloned next to five Gal4 binding sites. In this system, the
chimeric GAL4-p33'V6?® fusion protein also mediates tran-
scriptional repression (Fig. 4E, compare lane 3 and lane 1). The
repression is specific to p38™V¢?%, because the GAL4-p24/NGZe
fusion protein has little effect on the SV40 promoter. Moreover,
treatment of transfected cells with TSA, a specific inhibitor of
histone deacetylases, restores the reporter activity, indicating
that the transcriptional repression mediated by p33/VG!® re-
quires active HDAC. Western blot analysis confirmed that both
GAL4-p33"7NC% and GAL-p24'VG¥ fusion proteins were ex-
pressed in comparable amounts, regardless of the presence or
absence of TSA (Fig. 4E). Therefore, tethering p33™V6% to an
artificial promoter in vivo can confer HDAC-dependent tran-
scriptional repression in reporter gene expression systems.
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Fic. 4. p33™¢ is functionally associated with HDAC1-medi-
ated transcriptional repression in vivo. A, schematic structures of
the expression plasmids of the Ets2 DBD fusion systems. Construct 1,
DBD of Ets2 alone; construct 2, DBD Ets2 fused with the repressor
domain of the Engrailed protein of D. melanogaster (positive control);
constructs 3 and 4, DBD Ets2 fused with mouse homologues of human
p33NG1b and p24'NG'e, respectively. B, schematic structures of pro-
moter regions of the reporter plasmids. C and D, transcriptional repres-
sion results as measured by the luciferase assays with the indicated
systems described in A and B. The luciferase activity was measured in
lysates of NIH 3T3 cells cotransfected with 1 ug of reporter plasmid,
100 ng of LacZ gene reporter (to normalize transfection efficiency), 100
ng of ras expression vector, and 50 ng of one of the test constructs (I-4).
Three independent experiments yielded similar results. E, transcrip-
tional repression assays using the GAL4 fusion system. Plasmids con-
taining the human GAL4-p33™V¢?® and GAL4-p24™G? were transiently
transfected in 293T cells, and their ability to repress transcription of a
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DISCUSSION

Our finding of differential association of the products of the
alternative transcripts of p33™G?° and p24™¥GI¢ with the
mSin3 transcriptional corepressor complex provides a basis for
a molecular mechanism of ING1 function as a growth regulator
and a candidate tumor suppressor. It also introduces novel
aspects into the understanding of the Sin3/HDAC1-mediated
transcriptional repression, by identifying new components that
might serve as a link to regulation of growth and cell division.

Our data suggest that p33™6?® ig the predominant isoform
among ING1 proteins that is associated with the Sin3/HDAC1-
mediated transcriptional repression. This is based on the ob-
servation that the N-terminal 99 amino acids, which are
unique to p33™C¢¥5, are required for: 1) the assembly with
Sin3/HDAC1 complexes, and 2) the HDAC1-dependent tran-
scriptional corepressor activity in reporter gene assays.
p24™NG2e which is otherwise identical to p33Y6?® except for
missing the N-terminal domain, does not seem to interact with
the Sin3/HDAC1 complexes even when overproduced. The
p47NG2e jsoform has a unique N-terminal fragment that is
distinct from that of p33VG?%, Although in this study we did
not rigorously examine the assembly of p47"V¢2¢ the putative
endogenous p47™V¢1e protein that we can detect with the affin-
ity purified polyclonal anti-ING1 antibodies does not coelute
with the Sin3/HDAC1 complexes in gel filtration experiments.
Moreover, p47"V¢4 cannot be immunoprecipitated by Sin3 and
HDAC1 (data not shown). This suggests that p47/¥6’¢ may
associate with different protein partners, but the nature and
roles of the p47/VG1e assembly remain to be determined.

The cooperation of ING1 with p53 was the first mechanism
that was proposed to account for the growth suppressor func-
tion of ING1 (14). Recent analysis of the ING1 isoforms in
mouse suggests that the equivalent of the human p24/NVGe
homologue is required for the activation of p53-dependent pro-
moters. In contrast, the mouse equivalent of the human
p33™C?® jsoform interferes with the activation of the p53-de-
pendent responses (15). This result is consistent with our find-
ing that p33™6?® functions in transcriptional repression, not
activation. Moreover, Sin3-mediated HDAC1 activity was re-
cently indicated in the repression of p53-responsive genes (15).
It will be important to test whether p33™¢?? plays a role in the
negative regulation of the p53-responsive genes in cooperation
with Sin3/HDAC1. A model for the function of the ING1 locus
can be envisaged from our data and previous studies that the
interplay of the ING1 isoforms in collaboration with p53 sets
the transcriptional program that determines cell proliferation
or arrest. We propose that p33™¢?% together with the mSin3
corepressor machinery represses p53-responsive genes that
halt cell cycle progression and that p24”YGZ¢ gerves as an an-
tagonist to relieve this repression. The relative ratio of
p33™EIL and p24’NCIe thus may determine the proliferate po-
tential of the cell.

Work from a number of laboratories demonstrated that Sin3
serves as scaffold protein for the assembly of multiprotein
complexes, which target histone deacetylase activities to se-
lected genes by interacting with specific transcription factors.
These complexes facilitate transcriptional repression through a
mechanism of induction of local rearrangements of the chroma-
tin structure (3). In contrast to Sin3 and HDAC1, which are
relatively stable proteins and do not seem to be cell cycle-

SEAP reporter was assayed. The SEAP reporter construct is under the
control of the constitutively active SV40 promoter and five Gal4 sites.
Treatment of transfected cells with TSA (50 ng/ml) restored the re-
porter activity. Whole cell lysates from the transfected cells were also
analyzed by Western blot with an antibody against the GAL4 DNA-
binding domain.
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regulated, ING1 is cell cycle-regulated. p24™¥%%¢ accumulates
in cells that are quiescence or senescence and overexpression of
p24INGI¢ in primary fibroblasts arrests cells in G, phase of the
cell cycle (28). p33™C? also accumulates in quiescence, but
induction of cell division by addition of mitogens leads to rapid
decline of the p33™G?® protein.? In light of our data presented
in this paper, these observations suggest that p33™V¢?% may
serve as a regulatory subunit of the mSin3 complex and to-
gether with mSin3 might be involved in repression of some
essential cell cycle regulatory genes. The identities of those
genes are not known, but our identification of RBP1 as a
presumptive subunit of the p33’V4?%/Sin3 complex suggests
that among possible candidates are genes that are regulated by
the Rb/E2F pathway through an interaction of RBP1 with Rb.
This intriguing possibility agrees with the observation that
HDACT1 interacts with the Rb protein and that the HDAC1
activity is required for full transcriptional repression of some of
the Rb-regulated genes (29,30). Therefore, our data presented
here may also link Sin3/HDAC1 to cell cycle regulation through
the association with p337/V¢Z8,
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Heterochromatin is a higher order chromatin struc-
ture that is important for transcriptional silencing,
chromosome segregation, and genome stability. The es-
tablishment and maintenance of heterochromatin is
regulated not only by genetic elements but also by epi-
genetic elements that include histone tail modification
(e.g. acetylation and methylation) and DNA methylation.
Here we show that the p33ING1-Sin3-HDAC complex as
well as DNA methyltransferase 1 (DNMT1) and DNMT1-
associated protein 1 (DMAP1) are components of a path-
way required for maintaining proper histone modifica-
tion and heterochromatin protein 1 binding at the
pericentric heterochromatin., p83ING1 and DMAP1 in-
teract physically and co-localize to heterochromatin in
the late S phase, and both are required for heterochro-
matin protein 1 binding to heterochromatin. Although
the p33ING1-Sin3-HDAC and DMAP1-DNMT1 complexes
are recruited independently to pericentric heterochro-
matin regions, they are both required for deacetylation
of histones and methylation of histone H3 at lysine 9.
These data support a cooperative model for histone
deacetylation, methylation, and DNA methylation in
maintaining pericentric heterochromatin structure
throughout cell divisions.

Heterochromatin is that portion of the genome that generally
remains condensed throughout the cell cycle and replicates late
in the S phase because of its unique, higher order chromatin
structure. Heterochromatic DNA is predominantly present in
the centromeric and telomeric regions of the chromosome that
are composed of repetitive DNA sequence elements. In general,
heterochromatic DNA sequences are heavily methylated on
cytosine of the CpG dinucleotides. It is suggested that the chief
DNA methyltransferase DNMT1? is important for the mainte-
nance of DNA methylation in mammalian cells (1, 2). In addi-
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tion to methylated DNA, histones are found to be hypoacety-
lated and hypermethylated at heterochromatin. These distinct
covalent modifications are thought to be important for hetero-
chromatin structure and function and are faithfully transmit-
ted to daughter cells during cell division (3).

Among the enzymes that modify histone tails, the histone
methyltransferase Suv39h was found to be specifically re-
quired for maintaining pericentric heterochromatin structure
and genome stability (4). Methylation of histone H3K9 creates
binding sites for heterochromatin protein 1 (HP1) (5, 6), a
marker of heterochromatin that is thought to reinforce the
structure of heterochromatin. Loss of Suv39h leads to delocal-
ization of HP1 from the pericentric heterochromatin (4). On the
other hand, prolonged treatment of cells with trichostatin A, a
general histone deacetylase (HDAC) inhibitor, also disrupts the
normal localization pattern of HP1 (7), suggesting that the
localization of HP1 to heterochromatin also requires histone
deacetylase activity to maintain histone hypoacetylation at
pericentric heterochromatin. It remains unknown, however,
which of the many HDAC complexes in the cell is responsible
for such an effect.

DNMT1 may provide a functional link between DNA meth-
ylation and histone deacetylation because DNMT1 was re-
ported to interact and co-localize with HDAC2 at replication
foci in the late S phase when heterochromatin was replicated
(8). However, it remains unknown how HDAC2 is targeted to
DNMT1 and the late replication foci, whereas DNMT1 and
DNMT1-associated protein 1 (DMAP1) interact and co-localize
to DNA replication foci throughout the S phase. This discrep-
ancy raises the possibility that other factors may be involved in
targeting HDAC activity specifically to heterochromatin during
heterochromatin duplication in the late S phase.

In this paper we report the components of a pathway that
maintain histone modification for HP1 binding. We find that
the candidate tumor suppressor p33 inhibitor of growth family
1 (ING1) complex, which includes the core Sin3-HDAC1/2 com-
plex, physically and functionally interacts with the DNMT1-
DMAP1 complex to maintain histone hypoacetylation and
methylation of histone H3 of K9 at pericentric heterochromatin
during cell division in human cells.

EXPERIMENTAL PROCEDURES

Cell Culture, Antibodies, Plasmids, and Transfections—293T and
HeLa cells were cultured in Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum. The stable HeLa cell line expressing FLAG-
DMAP1 was cultured in medium supplemented with 1 pg/ml puromy-
cin. The M2 anti-FLAG antibody was from Sigma. Anti-acetyl-histone
H3, H4, and anti-dimethyl-histone H3K9 antibodies were from Upstate
Cell Signaling Solutions. Anti-trimethyl-histone H3K9 antibody was
described previously (9). The DNMT1 monoclonal antibody was from
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Imgenex. Anti-Sin3 and proliferation cell nuclear antigen antibodies
were from Santa Cruz Biotechnology. Anti-HPla and anti-HP13 anti-
bodies were from Chemicon International. The M31 anti-HP1g rat
antibody was from Serotec. Rabbit ING1 and DMAP1 antibodies were
raised against bacterially produced His-ING1 and GST-DMAP1 (Bethyl
Laboratories) and affinity-purified.

ING1 and DMAP1 were cloned into pET or pGEX4T-1 vectors and
were expressed as Hisg or GST fusion proteins in E. coli BL21 (DE3).
For transient transfection in 293T cells, ING1 was cloned into a
pEGFP-C2 vector (Clontech Laboratories), and FLAG-DMAP1 was
cloned into a pcDNA3 vector (Invitrogen).

Transient transfection of GFP-ING1 and FLAG-DMAP1 in 293T cells
was carried out with Lipofect AMINE (Invitrogen). Cells were harvested
48 h after transfection. To establish the FLAG-DMAP1-stable cell line,
FLAG-DMAP1 was cloned into a pBabe vector and then transfected into
PT67 cells for a retrovirus particle package. The virus-containing me-
dium was used for HeLa cell transduction.

In Vitro Pull-down Assay, Immunoprecipitation, Mass Spectrometry,
and Cell Cycle Synchronization—An in vitro pull-down assay was per-
formed using Sepharose-immobilized Hisg-ING1 or GST-ING1 to pull
down interacting proteins from HeLa nuclear extract, or DMAPI1 trans-
lated in vitro (TNT, Promega). Immunoprecipitation, Western blotting,
protein identification with mass spectrometry, and immunostaining
were described previously (10). For cell cycle synchronization, cells were
first blocked in mitosis using 100 ng/ml nocodazole for 12 h. Mitotic cells
were collected by mitotic shake-off, washed twice with phosphate-buff-
ered saline, and cultured in medium containing 80 ug/ml mimosine to
block cells at the G,/S boundary. Twelve hours later, cells were released
into fresh medium to allow entry into the S phase, and cells were
collected at different times.

RNA Interference—The siRNA duplexes were synthesized by Dharma-
con Research and prepared by annealing two 21-ribonucleotide oligonu-
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cleotides according to the manufacturer’s suggestions. The sequences
targeting each gene were ING1, 5'-AAGGAGCUAGACGAGUGCUAC-3';
Sin3, 5'-AAGCAGUGUCUGAGACCAUGC-3'; DMAP1, 5'-AAGUCUAU-
GCCUUGCUCUACU-3'; and DNMT1, 5'-AACGGUGCUCAUGCUUAC-
AAC-3'. siGFP and siVimentin were purchased from Dharmacon Re-
search and used as controls. HeLa cells were transfected with siRNA
duplex using Oligofectamine (Invitrogen) according to the manufacturer’s
protocols. All experiments described in this paper were carried out on cells
3 or 4 days after siRNA transfections.

Chromatin Immunoprecipitation Assays—Chromatin immunopre-
cipitation assays were performed as described (11). PCR primer se-
quences used for amplification of specific chromosome regions were
chromosome 4 centromere 5' primer, CTGTCCATAAAATATCGAAAT-
ACCCTA, and 3’ primer, GTACAGTATATAAATACATAATTTGGGC; a
human X chromosome a-satellite DNA 5' primer, CCGCAAGGGATA-
TTTGGACCTCTTTG, and 3’ primer, GCCACTTGCACATTGTAGAAA-
AAGTG; an MTA2 gene promoter region 5' primer, CCGGGCAGCCC-
CAGCCTAGGCCTTGACTCC, and 3' primer, TCCGTCGCAGCTCGG-
CCCCACCCCTTTTC; and a deiodinase (D3) promoter region 5' primer,
ACCTTCATTCAGCTCCGCCCAGTGTTG, and 3' primer, CCACGA-
CCACATGCACAGCCACCTC.

RESULTS AND DISCUSSION

P33INGI Interacts and Co-localizes with DMAPI in the Late
S Phase at Heterochromatin—Recent studies have shown that
the human candidate tumor suppressor p33ING1 resides in an
HDAC complex that includes Sin3-HDAC1/2 (12, 13). In a
search for p33ING1-binding proteins, we carried out a His,-
p33ING1 pull-down assay in HeLa nuclear extract followed by
mass spectrometric identification. We found DMAPI1 as a
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FiG. 2. Cell cycle-regulated localization of ING1 and DMAP1 to heterochromatin. A, co-localization of ING1 and DMAP1 was regulated
by the cell cycle. HeLa cells that stably express FLAG-DMAP1 were synchronized by a double block procedure. At different times after release, cells
were fixed with cold methanol/acetone (90:10 in volume) and double immunostained with a mouse M2 antibody (red) and a rabbit anti-ING1 N
terminus antibody (green) as described previously (10). DNA was stained with 4',6"-diamidino-2-phenylindole (DAPI) (blue). B, ING1 and DMAP1
co-localize with HP1B in the late S phase. Co-immunostaining is shown of ING1 or DMAP1 with HP18 in the late S phase cells 6.5 h after release

from the double block procedure.

p33INGl-interacting protein (data not shown). The specific
binding of DMAP1 to ING1 (both p33 and p24ING1 isoforms,
Fig. 1A) in HeL.a nuclear extract was verified by a GST pull-
down assay and by Western blotting (Fig. 1B), whereas prolif-
eration cell nuclear antigen and HP18 as controls cannot bind
p33ING1 or p24ING1. In vitro-translated DMAPI also binds to
ING1 (Fig. 1C), and the conserved plant homeodomain is not
required for binding (data not shown). In addition, DMAP1 can
interact with ING1 within cells. When GFP-p33ING1 or
p24ING1 and FLAG-DMAPI are co-transfected into 293T cells,
immunoprecipitation of DMAP1 by the FLAG antibody (M2)
co-precipitates GFP-p33ING1 and GFP-p24ING1 but to a
lesser extent (Fig. 1D). Furthermore, a small percentage of
endogenous p33ING1 can also be co-immunoprecipitated with
FLAG-DMAPI1 from a cycling stable HeLa cell line that ex-
presses FLAG-DMAP1 at a similar level to endogenous
DMAP1. Importantly, the amount of co-immunoprecipitated
p33ING1 is diminished when cells are blocked at the G,/S
boundary using hydroxyurea. Similarly, DNMT1 is co-immu-

noprecipitated with DMAP1 from cycling cells but not from
hydroxyurea-treated cells (Fig. 1E), in agreement with the
observation that DNMT1 and DMAP1 interact throughout the
S phase. These results show that DMAP1 and p33ING1 phys-
ically interact, and their interaction may be cell cycle-regulated -
(see below).

Because DNMT1 associates with DMAP1 at replication foci
throughout the S phase but associates only with HDAC2 in the
late S phase (8), our finding that DMAP1 physically interacts
with p33ING1 raises the possibility that DMAP1 may bring
p33ING1-Sin3-HDAC1/2 to DNMT1 in the late S phase. We
examined p33ING1 and DMAP1 localization during the cell
cycle by indirect immunostaining. To facilitate this analysis,
we used the stable HeLa cell line that expresses FLAG-DMAP1
at a level similar to the endogenous DMAPI (see Fig. 1B). We
synchronized HeLa cells by a double block procedure in which
nocodazole-arrested mitotic cells enriched by mitotic shake-off
were blocked in mimosine and then released into drug-free
medium. Cells were fixed and immunostained at different
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times after release from mimosine using a mouse anti-FLAG
antibody and a rabbit anti-p33ING1 N terminus antibody. Cell
cycle progression was monitored by flow cytometry (data not
shown). As shown in Fig. 24, both FLAG-DMAP1 and p33ING1
were stained in a speckle pattern during early S phase (2.5 h
after mimosine release), but they do not co-localize. Starting in
mid S phase (4.5-5.5 h), the two proteins appear to begin
forming bright foci and partially co-localize (data not shown).
When cells enter late S phase (6.5 h), they form large foci and
co-localize to the highest extent. The large DMAP1 and ING1
foci disappear when cells exit the S phase (7.5 h) and resume
the speckled pattern in the G, phase. These results indicate
that p33ING1 and DMAP1 interaction is regulated and con-
fined to the late S phase.

Because heterochromatin is replicated in the late S phase, we
examined whether DMAP1 or p33ING1 co-localizes with a het-
erochromatin maker, HP1B, in the late S phase cells. HP18
shows distinct, large foci and co-localizes with DMAP1 or
p33ING1 foci in the late S phase, i.e. 6.5 h after release (Fig. 2B).
This observation supports the idea that DMAP1 and p33ING1
are recruited to the heterochromatin region during the late S
phase and suggests that the two proteins and possibly their
interaction may be involved in heterochromatin duplication.

Pp33ING1-Sin3 and DNMTI-DMAP] Complexes Are Re-

Maintaining Heterochromatin

siSind

Trimethyl-K9

quired for Heterochromatin Protein 1 to Form Foci and for
Trimethyl-H3K9 to Concentrate on Heterochromatin—As hy-
peracetylated histones are deposited onto the newly synthe-
sized DNA during DNA replication, these histones must be
deacetylated to form heterochromatin (14). Our finding that
p33ING1 localizes to heterochromatin during the late S phase
raises the possibility that the p33ING1-Sin3-HDACLV/2 com-
plex may be responsible for histone deacetylation in hetero-
chromatin, and loss of p33ING1 (and the Sin3 complex) may
lead to incomplete deacetylation of histones and eventually
affect proper heterochromatin formation. To test this possibil-
ity, we used small RNA interference to silence ING1 and Sin3
and examined the effect of siRNA on the organization of het-
erochromatin by analyzing localization of two heterochromatin
markers, HPla and trimethylated histone H3 at K9. Recent
work on heterochromatin histone modifications found that the
trimethylated H3K9 may also be used as a heterochromatin
marker in immunofluorescence (9, 15).

HPla and trimethyl-K9 form distinct, large and small foci
and co-localize in siVimentin-transfected control cells (Fig. 34).
These large foci may correspond to the pericentric heterochro-
matin region. In contrast, these large foci are significantly
disrupted, and HPla and trimethyl-K9 are uniformly distrib-
uted throughout the nucleus with some small foci remaining in
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siING1- and siSin3-transfected cells, a pattern similar to that
seen in trichostatin A-treated cells (7). These results demon-
strate that the p33ING1-Sin3 complex is required for the local-
ization of HP1a and for the concentration of trimethyl-H3K9 to
the heterochromatin region. This is consistent with a recent
study showing that an mSin3-associated protein, mSds3, is
essential for pericentric heterochromatin formation in a mouse
knock-out model (16). The human SDS3 protein is an integral
component of the p33ING1-Sin3 complex.?

The interaction and co-localization of DMAP1 and p33ING1
to heterochromatin during the late S phase (Figs. 1 and 2)
suggest that they may function in a pathway maintaining the
heterochromatin structure. Indeed, transfection of HeLa cells
with siDMAP1 leads to delocalization of HP1a and trimethyl-
H3K9 foci (Fig. 3B). Therefore, DMAP1 is also required for
HPla and trimethyl-H3K9 association with heterochromatin.
Given the previous observation that recruitment of DMAP1 to
replication foci throughout the S phase requires DNMT1 (8), we
next tested the role of DNMT1 in localizing HP1a and trim-
ethyl-H3K9 to heterochromatin. A similar effect was observed
when DNMT1 was down-regulated (Fig. 3B). Therefore, the
DNMT1-DMAP] complex also functions in the pathway of
maintaining heterochromatin structure.

To corroborate the above results, we examined HP1g, an-

2J. Qin, M. Li, and W. Gu, unpublished data.

St

other heterochromatin marker. To co-stain HPla and -8, we
used mouse anti-HP1la and rat anti-HP18 (M31) antibodies for
immunostaining. As shown in Fig. 3C, HP1a and -8 form sim-
ilar foci, and more importantly, they co-localize to a large
degree in siVimentin-transfected control cells. Similarly to
HP1e, the large HP1p foci are also significantly disrupted, and
HP1B stains uniformly throughout the nucleus with some
small foci remaining when cells are transfected with siING1 or
siDMAP1. As shown in Fig. 3D, the protein levels of ING1,
DMAP1], Sin3, and DNMT!1 are significantly reduced by siRNA
transfection. Collectively, these results demonstrate that the
loss of these proteins in the cell has a dramatically adverse
effect on the localization of heterochromatin markers to
heterochromatin.

Both p33ING1-Sin3 and DMAP1-DNMT1 Complexes Are Re-
quired to Maintain Histone Deacetylation and H3K9 Methyla-
tion at the Pericentric Heterochromatin—We first investigated
the global changes in histone acetylation and methylation us-
ing total extracted histones from siING1- and siDMAP1-trans-
fected cells. As shown in Fig. 4A, neither acetylation nor H3K9
methylation of bulk histones is significantly affected by the loss
of ING1 or DMAP1 (Fig. 3D), suggesting that they may have
only a restricted effect on histone modification of specific chro-
mosome regions, such as the pericentric heterochromatin.
Chromatin-associated HP1g is somewhat decreased in the ab-
sence of ING1 or DMAP1, but the total HP18 level in whole cell
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Fic. 4. Regulation of histone acetylation and methylation by and recruitment of the p33ING1.Sin3 and DNMT1-DMAP1 complexes
at pericentric heterochromatin. 4, the knockdown of ING1 or DMAP1 does not grossly change histone acetylation and methylation. Total
histones and chromatin-associated proteins from mock-, siING1-, and siDMAP1-transfected cells were resolved on SDS-PAGE, and the status of
histone acetylation and methylation was measured with acetylation- and methylation-specific antibodies by Western blotting. Note the decreased
association of HP18 on chromatin in siING1- and siDMAP]1-transfected cells, but the HP18 total protein level does not change. B, increased histone
acetylation and diminished histone methylation at pericentric heterochromatin in siING1- and siDMAP1-transfected cells are shown. DNA
immunoprecipitated by various antibodies (specific for all acetylated histone H3, all acetylated H4, acetylated H3K9, dimethylated H3K9, and
trimethylated H3K9) in the chromatin immunoprecipitation experiments was amplified by specific primers for the chromosome 4 centromere
region, a promoter of the MTAZ2 gene, the a-satellite of the X chromosome, and a promoter of the D3 gene. C, independent recruitment is shown
of the p33ING1-Sin3 complex and the DNMT1-DMAPI1 complex to the pericentric heterochromatin. Chromatin immunoprecipitation analysis
shows associations of Sin3, ING1, DMAP1, and DNMT1 with pericentric heterochromatin in mock, and various siRNA transfected cells. WCL,
whole cell lysate; IgG, immunoglobulin G; Chro-4, chromosome 4; X-Chro, X chromosome.

lysate does not change. This is consistent with the dynamic
nature of HP1 binding to heterochromatin (9, 17, 18). The loss
of ING1 or DMAP1 impinges on the integrity of heterochroma-
tin, which in turn is likely to change the dynamics of HP1
binding.

Next we made use of chromatin immunoprecipitation assays
to directly examine the role of p33ING1-Sin3 and DMAPI-
DNMT1 in regulating histone acetylation and methylation in
pericentric heterochromatin (11). For this purpose, specific
pairs of PCR primers were designed to allow the amplification
of the chromosome 4 centromeric regions and X chromosome-
linked a-satellite repetitive DNA (19). These two types of cen-

tromeric DNA are found in the pericentric heterochromatin
territories of chromosome 4 and X, respectively. The MTA2 and
D3 genes were chosen as control euchromatin loci. As shown in
Fig. 4B, a knockdown of ING1 or DMAP1 results in elevated
levels of acetylated H3 and H4, diminished dimethylated and
trimethylated H3K9, and a concomitant increase in acetylated
H3K9 in the chromosome 4 centromeric region. Similar results
were obtained when the chromosome 10 centromeric region
was analyzed (data not shown). In contrast, the knockdown of
ING1 and DMAP1 has no significant effect on the acetylation
or methylation patterns over the euchromatic MTA2 and D3
gene promoter regions. On the other hand, the effect on the X
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chromosome-linked a-satellite region is less dramatic with lit-
tle effect on both acetylation and methylation, which is consist-
ent with the observation that facultative heterochromatiniza-
tion of the X chromosome may affect the histone modifications
differently at the X centromere when compared with the other
chromosomes (4). We also found that a knockdown of Sin3 or
DNMT1 led to a similar change in histone modifications (data
not shown). These results establish an essential role of the
p33ING1-Sin3 and DMAP1-DNMT1 complexes for histone
deacetylation in pericentric heterochromatin and demonstrate
that the p33ING1-Sin3-HDAC and DMAP1-DNMT1 complexes
are required for maintaining histone H3K9 methylation in
pericentric heterochromatin. In addition, it demonstrates that
DNA methyltransferase is also important for maintaining his-
tone hypoacetylation and methylation in pericentric hetero-
chromatin. These results and published work indicate that
histone deacetylation and histone and DNA methylation may
be interdependent at the pericentric heterochromatin region in
maintaining a heterochromatin structure that is conducive for
HP1 binding.

Independent Recruitment of p33ING1 and DMAP] to Peri-
centric Heterochromatin—Because our data demonstrate a
physical interaction between p33ING1 and DMAPI, we used a
chromatin immunoprecipitation assay to investigate their re-
cruitment to specific pericentric heterochromatin loci. As
shown, Sin3, p33ING1, DMAP1, and DNMT1 all associate with
the centromeric region of chromosome 4 (Fig. 4C, top row).
Interestingly, although p33ING1 and Sin3 show interdepen-
dence for binding to the chromosome 4 centromeric region, a
clear difference can be seen when examining their binding to
the X chromosome a-satellite sequence. The binding of Sin3 to
the X chromosome a-satellite is independent of p33ING1. In
contrast, DNMT1 recruits DMAP1 to heterochromatin, consist-
ent with the previous finding that DNMT1 recruits DMAP1 to
DNA replication foci (8). Despite the fact that ING1 and
DMAP1 physically interact and co-localize to heterochromatin
in the late S phase (Figs. 1 and 2), they independently associate
with heterochromatin at the chromosome 4 centromeric and X
chromosome-linked a-satellite regions.

The three epigenetic elements that characterized heterochro-
matin are hypoacetylation and hypermethylation of histones,
and hypermethylation of DNA (3). The relationships among
them are beginning to be understood. Previous studies have
shown that a histone H3-specific HDAC, Clr3, is required for
H3K9 methylation in fission yeast (20), an H3K9 methyltrans-
ferase can direct DNA methylation in fungi and plants (21, 22),
and a DNA methyltransferase and a SWI/SNF-like protein that
regulates DNA methylation are required for deacetylation of
histone H4 in plants (23, 24). Therefore, these three character-
istics may be interdependent, and all may be required for
maintenance of heterochromatin structure.

In this study, we found that the loss of the p33ING1-Sin3-
HDAC complex and the DMAP1-DNMT1 proteins also leads to
hyperacetylation and hypomethylation of histones at pericen-
tric heterochromatin. Thus, in addition to the H3K9-specific
methyltransferase Suv39h, our data demonstrate that a his-
tone deacetylase complex as well as a DNA methyltransferase
complex are required for maintaining histone modifications at
the pericentric heterochromatin in human cells. The mecha-
nism of maintaining heterochromatin seems to be evolutionally
conserved. The loss of any one of these three enzymes that are
important to maintain the characteristics of pericentric hetero-
chromatin can lead to destabilization of the higher order struc-
ture that is necessary for binding of HP1 proteins. Although
it is clear that both DMAP1-DNMT1 and p33ING1-Sin3 are
required for H3K9 methylation at pericentric heterochromatin,
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it remains to be established whether they are required for
DNA methylation of the cytosine residue at pericentric
heterochromatin.

Because p33ING1 and DMAP1 are recruited independently
to heterochromatin, DMAP1 does not appear to be necessary
for localizing the p33ING1-Sin3-HDAC complex to heterochro-
matin. Thus, the functional significance of the interaction be-
tween p33ING1 and DMAPI is not yet clear. One possibility is
that DMAP1 activates the HDAC activity of the p33ING1 com-
plex localized at the pericentric heterochromatin by interacting
with the p33ING1 subunit. This model is suggested by the
requirements of both p33ING1-Sin3 and DMAPI for deacety-
lation of histones at the pericentric heterochromatin. Alterna-
tively, DNMT1-DMAP1 could recruit HDAC2 independently of
their interaction with the p33ING1-Sin3 complex. In this sce-
nario, DMAP1 may stimulate the DNMT1-associated HDAC2
activity or stabilize their interaction and/or heterochromatin
binding because the binding of DNMT1 to heterochromatin is
independent of DMAP1 but is required for deacetylation of
histones. Nevertheless, the activities of a histone deacetylase
and a DNA methyltransferase need to cooperate at pericentric
heterochromatin regions to bring out histone methylation for
HP1 binding.

Data presented here reveal components of a pathway for
maintaining histone modification at the pericentric heterochro-
matin during cell division in HeLa cells. Our findings may also
provide a molecular mechanism for the links between DNA
hypomethylation, genomic instability, and cancer (25, 26). Mice
with a hypomorphic allele of DnmtlI that retains 10% of wild
type DNA methyltransferase activity develop cancer because of
genomic instability (25). This instability may be caused by a
failure to maintain histone modification at pericentric hetero-
chromatin when DNMT1 activity is low. Similarly, the require-
ment of the p33ING1-Sin3-HDAC and DNMT1-DMAP1 com-
plexes for this process suggests that other components in these
complexes may also be important for preventing cancer
development.
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